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A search for new faint iron lines has been made on spectrograms taken with an are- 
in-air as source. The range of observations is from 2102 to 8679 A. The reciprocal dis- 
persion of the spectrographs used for the various spectral regions varies from 1 A/mm to 
3 A/mm. 

Twelve new energy levels have been found, resulting in a total of 121 classified lines. 
A table containing 698 classified lines includes many lines whose wavelengths had been 
predicted as combinations among the known energy levels, and found in the solar spectrum 
in earlier work. Their reality has been confirmed in the present work. 

A list containing 1,102 newly measured unclassified lines is included. Many of the 
lines listed in the tables have been reported by other observers with varying degrees of 
accuracy. All such reference sources are indicated in the tables. As a result of the new 
measurements, these lines may safely be attributed to Fe 1. 

A comparison of the new lines with the solar spectrum has resulted in the identification 
of 306 solar lines of Fe 1 unblended, and of 85 as blends to which Fe 1 is a contributor. 


When the analysis of Fe 1 was carried out in 1944,['],! | TaBie 1. List of spectrograms 
it was recognized that the laboratory observations —T : 
were far from complete. From the known atomic | Plate Region Plate Region 
energy levels, wavelengths were calculated for miss- A 
ing members of multiplets. The presence in the | 
solar spectrum of almost all known lines of neutral 5: 2102 
iron indicated that a search for these ‘predicted”’ f 2103 
lines might be rewarding. The predicted lines were 2136 to 22: 
graded into three classes, good, fair, and poor, the sare ae 
grades being assigned roughly on the likeliheod of 6 2184 to 2: 
the transition according to the rules of the quantum 2260 to 2: 
theory, the agreement between calculated and solar 2327 to : 
wavelengths, and the solar intensity with respect to rene “ne = 
known lines in the respective multiplets. The lines 2611 to 
in the categories “good” and ‘fair’? were published 2767 to 3083 
in Table C of the 1944 Monograph [1]. 

A search for faint iron lines has been made on 
spectrograms taken with an arc-in-air as source, and 
with exposures long enough to reveal fainter lines 
than have been recorded previously. The range of 
observations is from 2102 to 8679 A. The electrodes 
used in the ares were prepared from the purest iron 
obtainable at the time. The observations were made 
by the senior author (CCK) with the spectrographs 
at NBS. The spectrograms that have been measured 
are listed in table 1. The letters indicate the type 
of instrument used to cover the various spectral 
regions, namely: 


3007 to 3773 
3090 to 3820 
3348 to 3631 
3358 to 4482 
3581 to 3820 
3614 to 4294 
$250 to 4635 
4280 to 4425 
1400 to 6625 
1632 to 5216 
4752 to 6421 
5145 to 6253 
6885 to 8643 
6608 to 7945 
7832 to 8679 
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In order to obtain at least two exposures over the 
entire range it has been necessary to fill in gaps by 
using Fe comparison spectra from miscellaneous 
spectrograms in the collection at the Georgetown 
College Observatory. These were taken with the 
Rowland grating described above. A serious at- 
tempt has been made to eliminate all possible im- 
purities from the spectra. 
gp ee ae ee The present work has been carried out to confirm 

arr — — _ the predicted lines attributed to Fer in the solar 
_ A/mm. ads ta spectrum, and to extend the identifications of Fe1 
X Grating: Wood, 21 ft. concave grating 30,000 | in the sun. It was hoped, also, that the analysis 
lines per inch, reciprocal dispersion 1 A/mm | gould be extended by additional observations. A 
= i. order. , isl search has been made among the new unclassified 
RG pose Fi 0 paneled os eal Gemma lines for levels combining with the known low terms 
“ as rr y rec ale spers ¥ Tw y " y i 
“gp stat 1 rn I of Fe 1. Twelve new levels have been found, of 
tis ; which three are subject to some question. These 
levels are listed in table 2 with their respective 
J-values entered in column 2, They account for a 





! Figures in brackets indicate the literature references on page 3. 














TaBLE 2. New odd levels of Fet 

Level J Level J 
49457. 36°? 4 53881. 91° | 
53357. 53° 3 54289. 09° 3 
53610. 44° { 54357. 40° 3 
53733. 51° 3 575665. 35°? 5 
538749. 39° 2 60563. 61° 3 
58784. 74° 3 62081. 27°? 2 


total of 121 classified lines. Observations with a 
more suitable source will be required to extend this 
study further. One serious disadvantage encountered 
here is the masking of faint lines by wings of stronger 
ones. An electrodeless lamp doubtless would excite 
many new faint lines, and thus make it possible to 
find additional terms and assign their configurations. 

The classified lines are listed in table 3. The wave 
lengths in column 1 are the mean values from the 
present work. They include early unpublished 
measurements by Burns and Kiess, as well as a 
number of more recent ones by various workers. 
In preparing the final lists no line has been included 
as real unless it has been measured on at least two 
exposures. Many have more than two measure- 
ments. The classifications are new except for those 
lines in Table C of the Monograph that have been 
confirmed in the present work, and those lines having 
notes (a) and (b). 

Some wavelengths are in italics. These were in- 
cluded in the original Princeton line list as unclassi- 
fied and have been used for combinations with the 
new levels in Table 2. The best available reference 
source has been adopted for these lines, as was done 
in the Monograph. They are not new lines, but are 
newly classified. 

The total number of lines in table 3 is 698. The 
lines are mostly faint. Estimated intensities on an 
arbitrary scale are given in column 2. Diffuse lines 
are indicated by ‘‘n’”’ and “N”. The next two col- 
umns contain, respectively, the observed wave num- 
bers and those calculated from the term combina- 
tions. The designations in column 5 are those used 
for Fer in the 1944 Monograph [1] and in “Atomic 
Energy Levels” [2]. The multiplet numbers in 
column 6 are from the 1945 Princeton Multiplet 
Table [3]. New lines belonging to known multiplets 
have been assigned the appropriate multiplet um- 
ber. The notes in column 7 explain the different 
categories of lines. Most of the classifications are 
either “New” or “Pred”. The latter include lines 
from Table C of the Monograph, i.e., those predicted 
lines classed as ‘‘good”’ or ‘fair’ for which a solar 
wavelength was used. Additional predicted lines 
are also included, as indicated by the note (b) in this 
column. Although the predicted Fer lines were 
classified earlier, they are included because for the 
first time they have been confirmed from laboratory 
observations. A few lines have the note “SS”. The 
solar wavelengths were previously used for these 
lines as preferable to various laboratory values. 
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The letters in the last column are the same ones 
used for reference sources in the Monograph line 
list. They refer to lines that are not new but are 
newly classified, to lines measured by earlier observers 
that needed additional confirmation, or to unpub- 
lished measurements from the Massachusetts Insti- 
tute of Technology, kindly furnished by G. R. Har- 
rison in 1942. References Z, BK, and ZZ have been 
added. 

In 1934 a list of faint lines of Fe 1 was compiled 
by Burns and Kiess. It contains early unpublished 
measurements made by Burns at Bonn and possibly 
at the Allegheny Observatory, and, also, measure- 
ments by Kiess of “H” plates described above. 
Lines in tables 3 and 4 that are present in this early 
list are so indicated by “BK” in the last column. 

Table 4 contains the newly measured unclassified 
lines of Fe 1, 1102 in all. The four columns contain 
respectively, the wavelengths, estimated intensities, 
wave numbers, and a column headed “Notes and 
References’. As before, diffuse lines are marked 
“n” and “N” in the intensity column. In the last 
column the letters denote the same reference sources 
as were used in the 1944 paper. The symbols and 
references are described at the end of table 3. 

Table 5 contains the solar lines that have been 
newly identified as Fe1, from the present work. 
The total number is 391, of which 306 are unblended, 
and 85 blended in the solar spectrum. The left- 
hand part of the table contains the laboratory data, 
i.e., wavelength and intensity from tables 3 and 4. 
The solar data are entered in the right-hand part of 
the table: wavelength, disk intensity, the difference 
between the solar laboratory wavelength, 
(@©—lab.), and the solar identification. These data 
are from the current revision of the solar spectrum 
now in progress [5]. From \ 2945 to \ 3164 the disk 
intensities are eye estimates: those in the range \ 2945 
to the \ 3062 are from the 1948 paper [6], from \ 3062 
to 3164 they are from Rowland’s Preliminary 
Table of Solar Spectrum Wavelengths, as quoted 
in the 1928 edition [4]. The estimated intensities 
are entered in brackets. From \ 3164 to longer waves 
Rowland’s estimated intensities are replaced by equiv- 
alent widths measured by Minnaert and Houtgast 
at Utrecht [5]. Italics denote that the reduced 
equivalent width is the weighted mean of the Utrecht 
measurements and of those by other observers. 

In the last column of table 5 a predominant con- 
tributor to a solar line that is a blend, is indicated by 
the symbol “||”. A leading contributor has the 
symbol ‘‘| A dash is used in this column to show 
whether the contributors to a blend are on the short- 
or long-wave side of the solar line. For example, the 
line at 4424.072 A is identified as a blend of 
Fe 1 on the short-wave side and Cri on the long- 
wave side. Approximately 50 more lines in the pres- 
ent lists, whose identification in the solar spectrum 
is more dubious, have been omitted from table 5. 
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ities, TABLE 3. Classified faint lines of Fe1 
and : 
rked Wave number (em~!) 
last Wavelength Intensity Designation Multiplet Notes Reference 
A Number 
Irces Observed Cale. 
and :: 
10400. 94 1 9611. 88 2 O8 e 5 D,—54289 New D 
been 8656. 702 l 11548. 57 8. 63 tr >*Dj—e 3D, 1269 Pred U 
ork. S616. 275 2n 11602. 76 aR be r 5 Di—e 7G 1266 Pred 
led 8571. 827 In 11662. 92 2. 91 r 5])j—-e 5P» 1272 Pred 
eaten 8562. 138 In 11676, 12 6. 14 5G3—e 5F 1153 Pred [ 
left- 
lata 8538. 016 1 11709. 11 9. 11 r5Dy—-e 7G, 1266 Pred 
; S481. 992 l 11786. 44 6. 50 e3F,—z 3D; 999 Pred 
id 4, 8446. 394 3 11836. 12 6. 09 r *D3—-e 5P, 1272 Pred ! BK 
rt of 8434. 504 In 11852. 80 2. 79 c5Di—a *Do 1270 Pred U 
ence 8358. 512 l 11960. 56 0. 54 b3G z 8G 40} Pred U 
eth, 8300. 006 12044. 87 1. 87 X;—v 3P3 1331 Pred 
data $269. 663 l 12089. 07 9. O8 d3F,—r 3D 1218 Prod 
8231. 749 2 12144. 75 4. 75 r5Dj—q 5D 1270 New 
rum S904. 659 1 12184. 40 1. 44 a oF 7Ds 12 Pred U 
disk 8196. 492 | 12196. 99 6. 95 d3F,— w3F 1217 Pred 
9045 
sno 8126. 520 12302. 01 2. 08 d3F,—v 3D3? 1218 New 
3062 8112. 178 2 12323. 76 = ae 4 a3Gs—y 5Fj 265 Pred U 
nary S108. 344 I 12329. 58 9. 6) a3Gy— y 5F§ 265 Pred U 
oted 8090. 34! l 12357. 02 7. 06 d3Fy—v 3123? 1218 New 
ott 8027. 967 2 12453. 03 3. 04 a3D;—y *D3 623 Pred 
ities 
aves S002. 586 | 12492. 52 2. 58 1? F,—w 3F3 1217 Pred 
‘ 7941. 810 l 12588. 12 8. O8 alG y 3} 508 Pred 
julv- 7924. 184 12616. 12 6. 20 y3D3—e 3D 1250 Pred U 
gast 7810. 836 On 12799. 20 9. 25 x 5Fj—g 5F 1303 Pred 
iced 7808. 004 2n 12803. 85 3. 91 x 5F3—g 5] 1303 Pred BK, O, Z 
echt 7745. 496 0 12907. 18 7. 20 x 5F3—f 5p, 1305 Pred 
7719. 064 | 12951. 37 1. 41 xz 5F3—h 5D 1304 Pred 
7650. 948 l 13066. 68 6. 68 a3Gs—z 5G8 266 New 
con- 7647. 850 0) 13071. 97 2. 00 2 5G3—e 3F, 1137 Pred U 
d by 7617. 984 0 13123. 22 3.25 c3F,—u 5Ds 1001 Pred 
the 7617. 242 0 13124. 50 4. 59 xz 5F3—h 5D, 1304 Pred 
how 7606. 460 0 13143. 10 3. 12 r5F3—f 5G 1306 New 
iort- 7588. 287 | 13174. 58 1. 55 xz F3—f 5G, 1306 Pred U 
the 7547. 902 0 13245. 07 5. 10 x 5Fi—f 5G, 1306 Pred U 
7540. 415 0 13258. 22 8. 18 a3Gy—z 5G3 266 Pred U 
d of 
one- 7537. 531 0 13263. 29 3. 46 c3Fy—w 5 Ps 1000 Pred » 
sas 7476. 378 | 13371. 78 1. 75 y3D3—g 5D 1251 Ss O, U 
res- 7382. 670 1 13541. 50 1. 58 a3Gs—z 5Gj 266 Pred U 
rum 7359. 950 13583. 31 3. 31 x 5Fe—e 31, 1310 Pred 
; 7344. 171 1 13612. 49 2. 48 a*Gy—z2 5G3 266 | Pred 





TABLE 3. Classified faint lines of Fe 1—Continued 








Wave number (cm™!) 








Wavelength Intensity roe Designation Multiplet Notes Reference 
A | Number 
Observed |= Cale. 
7330. 148 1 13638. 53 8. 52 y ®5P3—f 7D, 1187 Pred U 
7317. 402 1 13662. 29 2. 28 x5‘ Di—f 3D, 1278 Pred 
7316. 752 1 13663. 50 3. 47 a3G z 3G5 267 Pred U 
7315. 595 1 13665. 66 5. 68 23P3—e 5F, 1105 New 
7300. 532 in 13693. 86 3. 76 c3F,;—z 3H 1003 Pred U 
7256. 180 ln 13777. 56 7. 67 r5D3—f 3D; 1278 SS U 
7213. 900 6 13858. 31 8. 43 23Ps—e 5F 1105 Pred 
7197. 182 1 13890. 50 0. 51 y®P3s—f ‘D, 1187 New 
7190. 143 | 1 13904. 10 4.14 c3Po— y Di 463 Pred 
7127. 576 | In 14026. 15 6. 16 r 5 D3s—q *F; 1273 Pred U 
7119. 987 } j 14041. 10 1. 06 y ®P3—f 7D, 1187 Pred 
7118. 106 In 14044. 81 4. 79 xr5D;—f 3D, 1278 Pred 
7114. 527 In 14051. 87 1. 82 aiG z 3G4 267 Pred 
7093. 042 In 14094. 44 4, 32 y 5P3s—e 7P» 1189 Pred 6 Jee 
7092. 866 In 14094. 79 4.85 y 5P3—f 7Ds 1187 New U 
7072. 832 1 14134. 71 *4. 75 c3F,—z 3H3 1003 Pred 
7069. 571 0 14141. 23 1. 30 b3F,—z 5G$ 205 SS U 
6936. 501 1 14412. 52 2. Ba y 5P3s—e 7S 1196 Pred U 
6847. 605 1 14599. 62 9.65 y 5F3—e 3F, 1078 SS U 
6785. 754 l 14732. 69 2.69 13K y 1Ds 1226 Pred 
6745. 969 1 14819. 58 9. 61 c3Fy— wiG 1005 Pred 
6704. 513 1 14911. 21 1. 30 y 5Di—e 3F, 1052 Ss U 
6565. 700 In 15226. 46 6. 39 X;—s 3G}? New 
6249. 667 Qn 15996. 43 6. 49 > 5 3— 7D, 685 Pred 
6028. 344 1 16583. 71 3. 68 ce 38 Fy —494573? New U 
5905. 030 1 16930. 02 0. 07 e 7 Dy—6056 43 New U 
5899. 094 2 16947. 06 7. 22 a!D.—« 3D; 738 New 
5738. 248 3 17422. 09 2. 17 y 5F3—f 5F, 1084 Pred 
5473. 171 2 18265. 87 5. 85 y 5D3—e °P 1064 Pred Bk 
5470. 105 3 18276. 11 6. 06 25G3s—hA 5D, 1144 (*) W 
5438. 024 3 18383. 92 3. 89 a*F,—v 3H¢e 1237 Pred 
5407. 401 3 18488. 03 8.17 aD .—r 3F3? New 
5406. 790 3 18490. 12 0. 20 25G3—f 3D 1148 Pred 
5401. 260 3 18509. 05 9. 04 2 5GR—e 5He 1146 Pred 
5308. 678 1 18831. 84 1.75 y 5F3—f 5Ps 1091 Pred 
5305. 397 0 18843. 49 3. 44 b3D,—v 5Ps 877 Pred » 
5300. 403 1 18861. 24 ie d3Fy—s 3G3 1240 Pred 
5297. 142 2 18872. 85 2. 81 bh 3G,—z 5H3 407 New 
5245. 717 3 19057. 87 7.88 a'P,—z 35; 715 Pred 
5238. 246 2 19085. 05 5. 04 23Fs—e 5G 962 Pred 
5234. 594 3 19098. 36 8. 54 b3H,—r 5G New < BK 
§221.046 | 1 19147. 92 7. 92 bh '1D,—53785 New U 
5214. 616 : 19171. 53 1. 55 b1D.—+r 3P¥3 1131 New 
§213. 827 | 19174. 43 4. 53 2z3F3—e 5G, 962 Pred 
§211. 216 2 19184. 04 4. 14 a1P,—y 3P3 716 New 
5209. 883 3 19188. 95 8. 91 b3Hg—y 348 584 Pred 
5207. 960 3 19196. 03 6. 10 b3D,—zx 3P3 S80 SS W, ZZ 
5205. 372 ] 19205. 58 5. 60 b3Hy—2z 5G3 New 
5204. 953 } 2 19207. 12 4.13 b3G,—z 5H3 407 Pred » 
5197. 942 3 19233. 03 3. 09 y ®*Fi—f 5P, 1091 Pred U 
5174. 703 2 19319. 40 9. 56 c3Pyp—w 5D 3? 465 New 
5157. 156 3n 19385. 13 5. 2 Xo—6056/3 New | L, WwW 
5156. 599 | 2 19387. 23 4.20 23F3—e 'F, 960 | New 
5149. 492 | 1 19413. 98 3. 96 23F3—¢ 5G 962 New 
5146. 322 3 ! 19425. 94 | 6. 05 2°Gy—f 3F, | 1150 Pred | BK 





TABLE 3. Classified faint lines of Fe 1—Continued 


Wave number (em-!) 


Wavelength Intensity Designation Multiplet Notes | Reference 
rence A Number 
Observed Cale. 
5143. 740 2n 19435. 69 5. 75 a 5P,—y 3F3 65 Pred » 
‘ 3 . 5p sO le 
5123. 284 Sn 19513. 29 { oe : he 4 A ae } BK, U 
Ee — j a4 OF 4. 29 a'!D,—v 5F3 745 Pred » 
5091. 722 2 19634. 25 { 1 OF pe IP, ig De 717 Pred 
5088. 164 3 19647. 98 7. 99 y 5‘ D3—h 5D, 1066 SS ZZ 
5084. 549 1 19661. 95 1. 96 b1Gy—v 32 932 Pred 
5080. 928 3 19675. 96 5. 89 b3H:—z 31 585 Pred 
5052. 989 3 19784. 75 4. 83 b38H;—z 313 585 Pred 
5031. 180 l 19870. 51 0. 38 b §J),—-33? 885 New 
5025. 768 3 19891. 91 2°07 c3P;—v 5Ds3 4166 New 
5025. 306 3 19893. 74 3. 69 23P§—f 3D,? New 
5021. 610 3 19908. 38 8. 42 y *F3—e 5H, 1093 Pred BK, U 
5019. 734 3 19915. 82 5. 81 23F3—g 5D, 966 Pred BK, U 
U 5019. 216 l 19917. 88 8. 05 d3F,—u 3F3 , 1242 Pred 
| 5016. 494 3 19928. 68 8. 74 y *F3—g 5F, 1089 Pred 
5015. 310 3 19933. 39 3. 44 z3Fs3—e 5p, 968 Pred 
5012. 718 1 19943. 69 3. 84 y *Fs—e 51] 1093 Pred WwW 
5011. 234 2 19949. 60 9. 59 y *Di—h 5D, 1066 Pred W 
5007. 710 3 19963. 64 3. 53 h1D,—t 3G3? New U 
4995. 406 3 20012. 81 2. 83 2*Pi—f 5G, His Pred | 
4992. 814 2 20023. 20 3. 27 23Pi—gq 5F, 1110 Pred | BK 
| 
4991. 867 3 20027. 00 7. 03 y 5F3—e 3G, 1094 Pred U 
1986. 921 3 20046. 86 6. 94 y 5Fs—f 5G, 1092 Pred Ba, U 
1980. 278 3 20073. 60 3. 60 y 5F3—f 5G, 1092 New BK 
4978. 117 3 20082. 31 2. 36 23Di—e 5P, 986 Pred 
4942. 484 3 20227. 10 te y 5F3—e 3F] 1097 New U 
1937. 328 3 20248. 22 8. 35 c3F,—y IF 1039 New 
4912. 500 2 20350. 55 0. 50 c3F.—zr IF 1040 Pred > 
‘ 1908. 612 0 20366. 67 6. 68 a*Py—zx 5D; 115 Pred BK, U 
1908. 056 3 20368. 98 9. 03 y ®Di—g 51F, 1065 New BK 
1893. 680 l 20428. 82 8. 75 28Ps—f 5G, 1113 Pred 
4880, 548 2 20483. 78 3.85 c3F\— 53358 New 
4877. 622 3 20496. 07 6. 13 z?P3—-e 5D, 384 Pred U 
1876. 194 0 20502. 07 ya | a3—) y 3P3 631 Pred 
4874. 355 3 20509. 81 9. 83 c3P,—z 3D3 467 Pred 
4873. 758 4 20512. 32 2. 41 as—p w 3Ds5 633 Pred 
4870. O81 3 20527. 81 7. 95 23 D3—q 5D, 985 Pred 
1869. 476 3 20530. 36 0. 47 a'—D.—-» 3D 751 Pred 
4868. 382 3 20534. 97 5. 01 a®F,;—-y 5D3 38 Pred 
1867. 563 | 20538. 42 8. 57 a3PF.—y 5P— 38 Pred U 
4860. 988 3 20566. 20 6. 27 2 SF e 3F, 688 Ss U, ZZ 
eee 3 Pa y5Fs—f 3P 98 re ; 
1858. 274 3 20577. 69 7 $4 pe c 1069 New } BK 
1849. 655 2 20614. 26 F239 aH ,;—y 3H 793 Pred 
1847. 699 0 20622. 58 2. 55 a 1D).—-33 New 
4838. O86 2 20663. 56 3. 55 a3 D y—u 5D3 630 Pred 
41837. 662 0 20665. 37 5. 42 a 3F,—t 3F 1243 Pred 
Z, 
4822. 684 In 20729. 55 9. 65 a3D,—w3Ds 633 Pred 
4821. 028 0 20736. 67 6. 76 ¢38F y—§3810; New 7, 
4815. 238 3 20761. 60 ae a'P,;—z 3P3 720 Pred 
4805. 529 On 20803. 55 3. 59 y 5P°—-4, 1207 New 
4802. 503 2n 20816. 66 6. 57 y 5‘P3—7z 52), 1206 Pred 
4794. 353 2 20852. 04 2. 05 a’P,—zx 5D; 115 Pred BK, U 
4793. 951 z 20853. 79 ree a '!G,—y °G3 §12 (#) W 
4792. 537 2n 20859. 94 0. 03 y 5Fs 3H, 1097 New 
1790. 764 l 20867. 66 er 6 a3), 30) 632 Pred 
4790. 542 On 20868. 63 8. 58 y *‘Ds—f 5G, 1068 Pred BK, U 
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Wavelength 
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4782. 
4780. 
4773. 


4760. 


4758. 
4749. 


4744. 


4742. 
4718. 
4716. 


4702. 
4690. 
4685. 
4677. 
4674. 


4665. 
4653. 
4642. 
4636. 
4634. 


4628. 
4627. 
4605. 
4604. 
4598. 


4591. 
4583. 
4572. 
4571. 
4561. 


4546. 
4541. 
4540. 
4533. 
4520. 


4518. 
4516. 
4515. 
4513. 
4507. 


4487. 
4483. 
4474. 
4473. 
4463. 


4453. 


4452. 6 


4450. 
4443. 


4437. 6 


4428 
4419. 
4419. 
4417. 
4407. 


789 
789 
496 
050 
689 


580 
615 
920 
410 
816 


926 
367 
036 
572 
651 
522 
446 
624 
672 


170 


696 
532 
070 
850 
728 


502 
726 
849 
448 
426 
ATT 
319 
651 
953 
240 
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Intensity 


bo to lo bo bo 


Noto 


Wave number ( 


Observed 


20902. 46 
20911. 20 
20943. 15 
21002. 31 
21008. 32 


— 


21048. 61 
21070. 63 
21078. 16 
21187. 65 
21194. 81 


7. 41 
4. 33 
8 


72. 63 
85. 98 


21709. 12 
21710. 15 
21739. 05 


21773. 26 
21810. 20 
21862. 08 
21868. 78 
21916. 83 


21988. 89 
22013. 86 
22017. 10 
22049. 63 


22116. 52 


22124. 63 
22135. 98 
22141. 47 
22148. 50 
22180.34 | 


22276. 64 
22296. 40 
22341. 49 
22350. 07 


22399. 43 


22448, 83 
22452. 40 
22461. 74 | 
22496. 52 


22527. 90 


22574. 40 
22619. 16 
22622. 81 
22631. 73 


22683. 62 


em!) 


Cale. 


DN wo mh 
Z 


S90 


> SI 90 


PI De N 
w 


~ 
a OF 


NeKwwsl 


9. 00 
0.15 


S901 S go 
~ te 
Hr “I 


NIA w 
H 


on 
© 


Designation 


b 3H, 
aT); 
b3G 
z7P$ 


c3 I, 


a 3F, 
a 5F 


y STDS 


Continued 


Multiplet 


Number 
z 37 588 
uw 3D; 635 
x 3D; 108 
e 5D, 384 
5388 ?5 
y 5D; 38 
z 5P 17 
e 3P. 1072 
t 3G 1042 
-15 634 
wiG 
> 5Ps5 17 
w 5FS 347 
e 3P 1072 
a Ps 10 
135? 1044 
cr 3G 591 
e 3F,? GSS 
z 3| 513 
w 5D 346 
e 'F, 819 
w3G 593 
v 5D 348 
rc 3H] S46 
e 7} 81 
w 53? 
y 3P3 472 
e 'F, 819 
e 5D 319 
w 5F: 
wiD 1047 
vp 5] 640 
z 3] 111 
xz 5G3 110 
u 3 $71 
y 7P 69 
-e Ff 819 
-e 572) 319 
y 5G5 213 
w 3D; 474 
2 iH 594 
u 3G3 898 
w Ds 1047 
-¢ 5D)o? 319 
-u 5D§5 471 
73 901 
e 3} 555 
-g PF, 969 
f 5G, 972 
y 5G3? 213 
w 5F 
e 3G 973 
w M3 é 644 
qd 16+ 1170 
e 3F; 555 
e 3D, 827 


Notes 


Pred 
Pred 
Pred » 
Pred 
New 


New 
Pred 
Pred 
New 
Pred 


New 
Pred 
Pred 
Pred 
Pre d 


Pred 
New 
Pred 
Pred 
New 


Pred 
New 
Pred 
Pred 


Pred 


New 
Pred 
, 
Pred 
New 


Pred 
New 
New 
New 


4 


Pred 
Pred 
SS 
Pred > 


New ¢ 


Pred 
Pred 
New 
New 
Pred 
Pred * 


New 
Pred 
Pred 
New 
New 


Pred 
Pred 
New 
New 
New 


Reference 


Bix, t 


Bix 


TaBLE 3, Classified faint lines of Fe 1—Continued 











Wave number (em~!) 
Wavelength Intensity Designation Multiplet | Notes Reference | 
i Number 
Observed Cale. 
‘ a {i 6.85 r1p t 5])3? New 
2¢ 99 ») - , 
1393. 014 0 224904. O02 ) 6. 97 e3p a 3F3 473 Read 
1391. 865 1 22762. 98 2. 95 = 3D3—f 3D, 992 Pred 
4370. 982 l 22871. 7 1. 68 a5Ps,—y 7P4 69 Pred > 
4350. 972 l 22976. 91 6. 81 h 3H ,—y 3H 597 New 
1341. 802 On 23025. 44 5. 46 a!D.—t 5D3 New 
$341. 248 1 23028. 38 8. 48 2 5F3—f 5D, 691 Pred | 
‘ ans 2. 30 5 f 5D» 691 | . 
» » - (a 
1340. 490 l 23032. 40 2 43 13G,—x D3 272 ) U, W 
4330. 812 l 23083. 87 3. 92 »3P,—13 475 Pred I 
1319. 433 In 23144. 68 4. 62 b 3 F,—w 5D3 214 Pred Bk, T 
1310. 363 ! 23193. 38 3. 34 Ds—e 3°P 994 Pred 
1305. 128 l 23221. 58 1. 57 ajsG D 272 Pred > 
‘ ~ P 2. 98 ap | 756 Pred ! | . 
4 YQ999 > 2 
1304. 878 On 23222. 93 , 2.97 b3H,—v 3G sO Pred > |j Bk, 1 
1304. 165 0 23226. 78 6.88 a®D G 647 Pred » 
4300. 205 ln 23248. 16 8.18 23F3—e 3H 975 Pred 

909 12R ‘ ~ Be b 3] p 5} 215 New \ - rr 

) ) ) IQ et 5 
$292. 13¢ | 23291. 87 1 92 a5P | 7() Pred j BK, 
1289. $24 2 23303. 88 3. 96 25F3—f 5D 691 New [ 
iors axes — re f @ 65 2 5 f 5p 691 New ) 

» » n 2330 - ee - |, 
4286. 872 | 23320. 47 0 66 aH Hl: 179 tea V54 
1283. 384 ly 23339. 46 9. 40 b 3B) —w 5Fj 215 Pred 
$277. 389 l 23372. 17 2.16 3} w Ds 214 Pred BK, U 
$275. GSS 2) 23381. 47 1. 41 h 3} w oF 3 215 (*) U 

\? 13394. 34 $19 a®He—y 5G? 171 New ¢ U, W 

0 23471. 25 Nae op bh3GQ w G4 116 Pred 

l 13488. 03 7.91 aj3tl I] 172 Pred [ 

1 23501. 04 1. 06 b3D,—-& 905 Pred _Z 

2 3541. 96 1. 68 > 5] F,? 689 SS U, ZZ 

2 23558. 49 8. 57 h1iG 133583 New U 

3 23581. 74 1. 82 b3Dz a—D 907 Pred { 

l 23591. 20 1. 24 b3G3—v 5FY 418 Pred 7 

ly 3641. 24 {22 25Fy—f *D 690 SS U, ZZ 

2 23669. 13 9. 12 b3G 1G3 417 Pred 
$220. 034 23689. 82 9, 74 2z3D3—e 3P, 994 Pred | U 
1197. O88 2 23819. 33 9. 30 a 5F,—z 3F;: 18 Pred U 
1194. 479 | 23834. 15 1. O7 a®G,—z *G3 27 Pred BK, | 
1188. 729 2n 23866. 86 7. 01 23P3—i 5D 1116 New T 
1181. 210 In 23909. 78 9. 89 b3D,—z '!P} 908 Pred T 
1180. 404 23914. 39 1. 36 a%Gy—2 5G 274 Pred BK, | 
4167. 960 I 23985. 79 5. 67 b 3D3;—533583? New x 
1149. 759 3 24090. 99 1. OO a®D;—z 7P3 3 Ss U, ZZ 
4140. 240 l 24146. 38 6. 39 b3G;—v 5F3 118 Pred> | J 
1137. 980 l 24159. 57 9. 63 27Fe—e 5F, 320 Pred l 
1137. 456 l 24162. 63 2. 85 y *F3—g 5G; 1103 Pred U 
$134. 202 IN 24181. 64 eb b3F,—az 3D3 217 Pred 
$129. 474 l 24209. 33 9. 44 2 5F3—f 5F; 695 Pred U 
$124. 490 l 24238. 58 8. 58 b 3D3—4536105 New U 
4112. 094 l 24311. 65 i 72 a'Do—v 3P3 766 Pred l 
1108. 129 l 24335. 11 & 13 z 5D3—e ‘P, 559 Pred U 
1104. 460 I 24356. 87 6. 89 b 3Gy—w 3G3 422 Pred U 
1103. 620 2 24361. 85 1. 86 a3D,—z 1F3 650 Pred if 
1095. 642 l 24409. 31 9. 40 allge—y 1H3 851 Pred 
41095. 252 1N 24411. 63 Li OF y >D3—4, 1075 Pred 











Wave number (cm~!) 


Cale. 











Wavelength Intensity 
A 
Observed 
4092. 287 1 24429. 32 
4090. 326 1 24441. 03 
4079. 214 3N 24507. 61 
4078. 822 1 24509. 96 
4070. 422 0 24560. 54 
4070. 010 0 24563. 03 
4057. 654 ] 24637. 82 
4036. 370 1 24767. 74 
4031. 727 2 24796. 26 
4022. 212 In 24854. 92 
4001. 212 1N 24985. 36 
3998. 743 0 25000. 79 
3996. 779 l 25013. 08 
3996. 261 In 25016. 32 { 
3992. 634 1 25039. 04 
3989. 006 1N 25061. 81 
3984. 930 l 25087. 45 
3984. 446 1 25090. 50 
3980. 008 1 25118. 47 
3970. 994 l 25175. 49 
3963. 438 ] 25223. 48 
3962. 635 ON 25228. 60 
3953. 512 2 25286. 81 
3951. 638 IN . 25298. 80 
3948. 458 25319. 18 
3930. 876 ON 25432. 42 
3922. 100 1N 25489. 33 { 
3908. 691 LN 25576. 77 
3892. 302 ] 25684. 46 
3889. 284 IN 25704. 39 
3847. 226 LN 25985. 38 
3847. 077 LN 25986. 39 
3842. 901 2 26014. 63 
3819. 497 2N 26174. 03 
3816. 908 l 26191. 78 
3814. 785 l 26206. 36 
3811. 808 0 26226. 83 
3803. 220 1N 26286. 05 
3801. 337 l 26299. 07 
3789. 808 1N 26379. 07 
3789. 292 0 26382. 66 
3784. 127 3n 26418. 67 
3771. 473 2 26507. 31 
3769. 766 0 26519. 31 
3759. 597 In 26591. 04 
3751. 087 2 26651. 36 
3743. 778 2 26703. 39 
3742. 151 2n 26715. 00 
3741. 486 In 26719. 75 
3739. 527 3 26733. 75 
3707. 578 In 26964. 11 
3707. 458 2 26964. 99 
3707. 335 ] 26965. 88 
3699. 004 0 27026. 61 
3698. 148 In 27032. 87 


9, 34 
. 00 
7. 85 
0. 05 
0. 39 


3. 03 
7. 82 
7. 78 
6. 28 
4. 93 


5. 54 
0. 62 
3. O04 
6. 36 
». 23 
9. O1 


1. 93 
7. 47 
0. 46 
8. 56 
5. 54 


1. 69 
1. Q2 
] 


3. 39 


00 
wn 


sO QO gn 


O04 
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x 


StS en te 
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Oot 
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rae as 


Designation 


63D, 
a 3F, 
2 5F3 
b3D, 
a'Gy, 
27F3 
a'P, 
a 3G 
b 3G, 
b3P, 
b3Ds 
b3D, 
y 5D3 
z5D§ 
b3G, 
b 3F, 
alt, 
25D; 
b a, 
b 3G 
y Dj 
a 3D, 
b38D 
a'Ds, 
b 3P, 
25D; 
at, 
27D} 
25D§ 
z7D3; 
a ID), 
a3Gs 
b 3H, 
25F 5 
bh aF, 
z 53 
27P3 
a'P, 
2 5F 3 
a 3P, 
b1G, 
z5F;3 
a 8P, 
63D, 
b 3H, 
ay OF 

‘KF; 
a*P, 
ay 
2 3B s 
z 5F5 
a%’D 
2Z 2 OF 
b3F, 
b 3G 
b 3G 
2 7P3 


IST LIS 
y *Pi 
e 5P, 
53888253 
v 323? 
€ 5F, 
t 3D; 
w Ds 
v 3D3 
w 5G 
54357 
54357 
g *Uy4 
e 7G, 
v 3D$3 
xz 5G 
ISS 25 
e 7, 
r 5G 
94573 
g °G 

t 5Ds3 
t 3G 
108 

v SFE 

e i 
r 323? 
é 5p, 
e 3D, 
¢ 5D, 
+9) f 2893 
w 5G? 
w 3H 
h 5D, 
r 3Fs 

f 5P, 

f 5D» 
53749 
g °F, 
v 5D3 
s 3G 

h 5D 
v 5D; 
w ls 
w 3Tl 
g °F 
g *1 

u Fy 
y 1G4 
g *Gy 
g °F; 
53358 
g °Gs 
v 5Fe 
v H's 
v 3F 

e 7G 


TABLE 3. Classified faint lines of Fe 1—Continued 


Multiplet 
Number 


1074 
561 
27 


219 


561 
219 


1074 


654 
913 
770 
362 
560 


153 
564 
153 


280 


607 
702 
222 
703 


387 


701 
122 
948 
702 


122 
917 
607 
701 
701 
74 
290 
978 
701 


978 
229 
137 
137 


390 


Notes Reference 
New | 
Pred Bk, U 
Pred BK, U 
New BK 
Pred b 

New BK 
Pred U 
Pred Bk, U 
Pred U 
New BK, U, W 
New BK, U 
New 

Pred U 
Pred . 
Pred t 
Pred Bk, U 
New Z 
Pred Z 
Pred Bk 
New U 
Pred U 
Pred » U 
Pred 

Pred b U 
New U 
Pred Bk 
New U 
Pred 4 
ae \ BK, 1 
Pred BK 
New U 
New U 
New 

New Bk, U 
Pred BK,tZ 
Pred Z 
Pred U 
New Z 
Pred Bk, U 
Pred U 
New Z 
Pred Z 
New 

New U 
Pred Bk, Z 
New 

New U 
Pred 4 Z 
SS Z, ZZ 
Pred U 
New BK, Z 
New J 
New Z 
New Z 
New U 
New 

New W, Z 


TABLE 3. Classified faint lines of Fe 1—Continued 


Wave number (cm~!) 
Wavelength Intensity _ " : Designation Multiplet Notes Reference 
j Number 





Observed Cale. 

3698. O18 1 27033. 82 a ag a'P,—v 5Dj 75 Pred U 
3696. 548 In 27044. 57 1. 45 a 1G y—u 5F3 530 New 
3691. 180 0 27083. 90 3. 95 b3F,—v 5F3 229 Pred Z 
3689. 010 l 27099. 83 9. 81 a*H;—u *Dj 178 Pred> | U 
3688. 198 l 27105. 80 5. 87 b 83H,— 537343 New U 
3684. 552 l 27132. 62 2. 50 a? D3;—533583 New 
3681. 227 2 27157. 12 7.10 b 3H,—537853 New Z 
3677. 503 2 27184. 62 1. 64 a?D.—v 3P3% 666 New? | V, Z 
3675. 694 In 27198. 00 8. 12 z'Ps—f 5F, 391 New Z 
3675. 434 l 27199. 93 9. 88 b 3F.—v 5F3 229 Pred U 
3671. 689 2 27227. 67 7. 64 a%G;—z 1D3 New Z 
3666. 846 In 27 ie 3. 65 z™P3—g ®D; 393 Pred 
3666. 574 0 27265. 65 5. 69 b 3F,—2x 3P3 235 New U 
3660. 402 2 27311. 62 1. 60 b 3F,—v 5F; 229 Pred 
3656. 227 > 27342. 81 2. 90 a8D,—537493 New V 
3655. 354 l 27349. 34 9. 40 a3’P,—y 3P; 131 Pred U 
ae. a ae eae f 4.38 b3F,—v 5F 229 Pred |) 7 

: = 972 > j FS \ 
3653. 352 In 27364. 33 {37 27Fs—e 'P, 394 Prad I 
3652. 256 ln 27372. 54 2. 53 c3P,—y 1D3 194 Pred U 
3650. 554 2n 27385. 30 5. 41 a 31);—5 36105 New W, Z 

‘ eaten ce f 5.91 a*F,—zx 5D; 16 ee = 
9 2 19 » » 35. OF ah ‘ he) 4 4 
3643. 812 Zn 27435. 6. 10 atD y 1} 670 ss Z, ZZ, 
3641. 454 2 27453. 73 3: 82 27Fe—f 57), 323 Pred 
3637. 044 2 27487. 02 7. 0O b 3G3—u 3G 138 Pred BK 

ae : = : f Wz 2 5 D3s—g ®F 568 Pred | — 
363 i) 2 27491. 1¢ ; ie ns ae 
3636. 496 2n 7491. 16 | 113 at y 7P 1" Pred | BK, Z 
3633. O87 3n 27516. 96 fe 27Ps—e 7G 390 SS Z, ZZ 
3628. 806 2 27549. 42 9, 37 b 3G y—u 3G} 138 Pred Z 
3624. 056 l 27585. 53 5. 55 z5Ds—f 5P, 570 Pred Z 

; en - f 9.76 z'Fs—f 5D, 323 Pred 1 roar 
229 » ») qQ 12 > - val + 
3620. SSO 2n 27609. 72 | 9, 82 b3H.—t 3G3 611 Pred | BK, t 
3619. 628 l 27619. 27 9. 03 a3P,—u ®D§ 130 Pred BK, U 
3618. 285 3 27629. 52 9. 44 27Fe—e 7P, 324 Pred BK, Z 
3618. 160 2 27630. 48 0. 34 b3G u 3D New 

S617. 946 } 27632. 11 1. 95 a 3H ,—w 5G3 18] Pred U 
3616. 162 3 27645. 74 5. 88 2 5D3—h 5D 569 SS Z, ZZ 
3615. 959 l 27647. 30 yet a 3T),—t 5P New BK, U, W 
3615. 024 0 27654. 45 4. 62 z7Ds—e 5F; 154 Pred 
3614. 711 3 27656. 84 6. 88 a?D;—4538823 New BK 
3614. 109 | 27661. 45 1. 45 b 83H y—44289 New BK 
3613. 950 0 27662. 66 2. 69 b 3H;—122 612 Pred 

$613. 711 l 27664. 49 1. 49 a3Hy—z 1G3 New 
3613. 612 2 27665. 25 5. 36 a3 D).—5 42893 New Z 
3613. 459 3 27666. 42 6. 51 a3D.—10 672 Pred BK, Z 
3612. 510 3 27673. 69 3 .t2 b3Hy—133 6138a Pred Z 
3610. 410 l 27689. 79 9. 93 c 38 Fy—60564 New 
3609. 486 2 27696. 88 7. 10 z7™Fs—f "Ds, 322 Pred 
3606. 504 3 27719. 78 9. 60 a 3 P,—w *Dj; 133 Pred 
3606. 363 2 27720. 86 0. 78 b §Fy—w °G4 233 Pred I 
3605, 206 l 27729. 76 9. 76 b §Hy—6 4357 New BK 
3604. 701 2 27733. 64 3. 67 a *D.—54357 New BK 

’ = inte ae 1. 49 b 3k z 1H8 New 
360: * 2 Z 5! bo ‘Liat: M 
3603. 673 q741. 58 { 1. 59 a*®Gs—494574 | New { 
3602. 774 l 27748. 47 8 53 b 3P,—z IF | 370 Pred > I 
3601. 429 In 27758. 84 8. 92 a ®P,—w 5P3 | 127 Pred | BK, U 


56954161 2 9 





TABLE 3. Classified faint lines of Fe 1—Continued 








Wave number (em-!) | | 
Wavelength Intensity | ama Designation Multiplet Notes Reference 
A 


Number 
| Observed | Cale. 











3593. 764 On | 2781804 | 7.82 a*H,—v 5F3 182 Pred 
3591. 998 0 | 27831.72 | 1. 73 a*H;—z 1G; New 
3589. 586 2 | 27850.42 |, 0.29 b *Gy—u *D3 New Z 
3588. 516 3 | 27858.72 | 869 z'Pj—e 7S; 394 Pred BK, U 
8587. 752 | 3 27864.65 | 4.62 a*D,—t 5Pj New t 
| 
3586. 740 | 3n 27872. 52 2. 51 z7Fe—e 5G, 325 SS Z, ZZ 
3582. 324 2n 27906. 87 6. 77 z5Di—g 5F, 568 Pred BK, U 
3579. 829 | 1 27926. 32 6. 38 z*D3—e *°G, 573 Pred BK, Z 
3575. 754 1 27958. 15 8. 16 b 8G;—u *D35 New 
3574. 364 0 27969.02 | 9.03 a *H;—w 5Gj 181 Pred > 
| | 

3574. 256 1 27969. 86 9. 94 z*Di—f *D, 574 New 
3567. 748 1 28020. 88 0. 99 z*'D3s—f 5G; 571 New Z 
3564. 533 3 28046. 16 6. 34 a*H.—az °G3 183 Pred BK, Z 
3563. 618 | 1 28053. 36 3. 48 z7F3—e 5G; 325 Pred U 
3562. 269 In 28063. 98 4. 06 a *D;—542893 New 
3560. 076 1 28081. 27 1. 37 z'™F3s—e 'F, 321 Pred 
3551. 114 1 28152. 14 2.18 z'’Fj—e ‘F; 321 Pred BK, Z 
3530. 976 1 28312. 69 2. 76 a ®Py—v 5Fj 138 New U 
3528. 942 1 28329. 01 9. 06 a>F;—z ®Gj 23 Pred ! 
3528. 316 | 0 28334. 03 4. 07 a *F;—z 583? New 
3528. 233 1 28334. 70 4. 69 a*H,—v 5F3 182 Pred 
3515. 404 l 28438. 10 8. OS b *F,—z !D3 243 Pred 
3509. 736 3 28484. 02 4.14 27F§—f 5F, 327 Pred U 
3507. 139 3 28505. 12 5. 13 z5Ps—i 5D, 835 Pred Z 
3502. 853 l 28539. 99 0. 01 z*D3s—e *P, 577 Pred » 
3500. 164 2 28561. 92 2. 03 z27F3—/f 5F, 327 New I 
3498. 755 2 28573. 42 3. 47 z?Fj—e 7S 330 New W, Z 
3487. 138 0 28668. 61 8. 49 c ®F;—620813? New 
3481. 292 I 28716. 75 6. 75 c *Pp—v *P; 499 New 
3473. 303 2 28782. 80 2. 84 a 1G y—463358 New \ 
3473. 015 On 28785. 18 5. 27 z*D3—f 5F; 576 Pred BK, U 
3469. 278 0 28816. 19 6. 22 b §Fy—49457 7? New 
3467. 686 l 28829. 42 9. 43 b °G;s—w *H8 442 New 
3456. 374 In 28923. 77 3. 76 b §P,—2x IDs 375 New 
3448. 190 1 28992. 41 2. 43 a *H,—z 'H3 186 Pred 
3434 960 In 29104. 08 4.15 a'D.—t *F3 776 Pred 

9 , 7 ) eae a'Gy—y !H¢§ 540 Pred 
3429. 808 1 29147. 79 1 7.85 b Fy —w Ps 244 Pred 
3418. 905 1 29240. 74 0. 62 z?’P3s—f %D,; New W, Z 
3414. 564 l 29277. 92 7. 92 b *H, Gj? New I 
3410. 581 On 29312. 11 2. 35 b 3} w >P3 244 Pred 
3409. 605 1 29320. 50 0. 66 a 3H .—w °F 188 New U 
3401. 007 1 29394. 62 4.71 b 3G3— 537343 New U 
3400. 662 1 29397. 60 ef | c *P,— 537343 New BK, U 
3395. 080 l 29445. 94 5. 94 b §G3-—537853 New V 
3393. 623 2 29458. 58 8. 60 b ®P,—u *D3 376 m, d) 

U, V 

3393. 590 1 29458. 86 8. 87 a ®G;—y '!D3 305 (a, 4) 
3384. 765 l 29535. 67 5. 39 a 5F,—y *F3? 25 Pred > 
3381.990 | In 29559. 90 9. 89 z7?Ps—f *D, New 
3381. 498 | ln 29564. 20 4.19 a *F,—z 5P 19 New 
3375. 724 | i 29614. 77 4. 66 b °3G.— 537343 New U 
3374. 176 2 29628. 36 8. 22 a*P,—y *8j 89 (#) V 
3370. 254 | On 29662. 83 2. 77 a'Gy—t *Gj 542a New 
3369. 146 2 29672. 59 2. 64 a*H,—v °G3 191 Pred Z 
3364. 402 1 29714. 43 4. 40 a 'Gy—5 42893 New Z 
3358. 911 | 2 29763. 00 3.06 | b Gy— 538823 New V 


10 





ce 


Wavelength 
A 


Intensity 


3357. 823 0 
38356. 695 3 
3344. 078 0 
3337. 915 l 
3330. 316 In 
3330. 206 ] 
3329. 970 ln 
3316. 558 l 
3315. 164 l 
3313. 555 On 
3304. 346 In 
3298. 537 l 
3291. 410 0 
3281. 824 l 
3276. 978 0 
3272. 596 2 
3269. 416 S 
3263. 683 0 
3263. 487 0 
3261. 801 0 


3258. 627 


3249. 504 l 
3241. 502 0 
3240. 145 On 
3238. 313 0 
3235. 833 l 
3235 312 l 
3232. 155 l 
3231. 356 l 
3230. O85 l 
3229. 59S 2n 
3226. 012 2 
3223. O8O 0 
3219. 187 l7 
3205. 782 l 
3204. 306 l 
3199. 920 ln 
3195. 968 l 
3193. 726 0 
3188. 026 > 
3187. 171 In 
3186. 814 l 
3184. 112 l 
3176. 278 ln 
3175. 318 l 
3172. 292 l 
3167. 792 l 
3166. 982 l 
3166. 259 2n 
3161. 558 l 
3159. 437 l 
3159. 248 l 
3155. 134 Ln 
3154. 106 l 
3150. 762 l 
3149. 492 l 
3148. 676 0 
3148. 178 In 
3144. 924 l 


TABLE 3. 


Wave number (em~'!) 


Observed 


29772. 64 
29782. 65 
29895. 01 
29950. 21 
30018. 55 


30019. 54 
30021. 67 
30143. 07 
30155. 74 
30170. 38 


30254. 46 
30307. 74 
30373. 37 
30462. OS 
30507. 13 


30547. 98 
30577. 69 
30631. 40 
30633. 24 
30649. 07 


30678. 92 
30765. 05 
30841. 00 
30853. 91 
30871. 37 


30895. 03 
30900. 00 
30930. 18 
30937. 83 
30950. 00 


30954. 70 
30989. OS 
31013. 42 
31017. 27 
31054. 78 


31184. 63 
31198. 99 
31241. 75 
31280. 38 
31302. 34 


31358. 31 
31366. 72 
31370. 23 
31396. 85 
31474. 2! 


31483. 80 
31513. 83 
31558. 60 
31566. 67 
31573. 88 


31620. 82 
31642. 05 
31643. 94 
31685. 20 
31695. 53 


31729. 17 
31741. 96 
31750. 18 
31755. 21 
31788. 06 


Cale. 


69 
71 
93 
29 
60 


nr 


— 


re 


9. 48 
60 
O8 
69 
24 


37 
80 
10 
04 
14 
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Classified faint lines of Fe 1 


Designation 


b §G4—103 
a '1Gy—643573 
b §G4—123 
b §G3—6 42893 
b §3G3—5 43573 
hb 3p, x 387 
c §P,—5 43573 
a 5P,—w 5G3? 
b 3H ,—u 3F3 
b 3G, 54289 
25Fs—zi 5D 
z5Fi—i 5D, 
1 2 
b'1Gq—r 3G; 
ask y G4 
z’Fs—e 5H, 
a 3] 


z27F; 5G; 
a*D3;—wu *F3? 
a §F;—y 5G 

z'*Di—f *D, 
a 3 OF Zz 5H3 
a5F,—y *D}j 
z'?D € 7p 


aI / 3Ds 
z'’F:—g 7D;? 
b 3F,—6 
b%H,—t 3] 
a*‘D,—t 3] 

a ®P,—w *F3? 
b aK, u %G3? 
b*H,—t 8Fj 
z7D3—f ‘7D, 
a 3H, 1 3H 2 
a*D,—t %F3 
a Gy 53838458 
rd 7} 1 q 7D 
a P, U 3D; 


Continued 


Multiplet 
Number 


Notes Reference 
Pred > [ 
New V 
Pred U 
New U 
New \ 
New U 
New V 
New U 
Pred 
New 
Pred U 
New I 
Pred [ 
Pred » 
New 
Pred Z 
Pred BK, U 
New U 
Pred 
New BK, U 
Pred U 
New U 
(a) BK, U, W 
Pred J 
Pred U 
New \ 
Pred l 
Pred > U 
New U 
Pred BK 
New V 
New BK, Z 
New ° Z 
Pred U 
New ° 
New U 
New U 
New U 
New U 
Pred 
New Z 
Pred BK, Z 
Pred > U 
New Z 
New U 
New U 
Pred U 
Pred > U 
Pred > 
Pred Z 
Pred Z 
New U 
Pred U 
SS Z, ZZ 
Pred | U 
New U 
Pred U 
New U 
New 
Pred | U 





TABLE 3. Classified faint lines of Fe 1—Continued 








Wave number (cm~!) 














Wavelength Intensity 
A 

Observed Cale. 
3138. 400 0 31854. 14 4.18 
3135. 590 In 31882. 69 2. 74 
3134. 641 0 31892. 34 2. 37 
3134 401 1 31894. 78 4. 67 
3133. 174 0 31907. 27 7. 15 
3131. 238 0 31927. 00 6. 89 
3126. 822 1 31972. 09 1. 94 
3125. 012 1 31990. 60 0. 49 
3123. 545 In 32005. 63 5. 65 
3121. 151 1 32030. 18 0. 17 
3120. 220 2n 32039. 73 9. 63 
3119. 032 0 32051. 94 1. 90 
3116. 984 In 32072. 99 2. 98 
3116. 502 In 32077. 95 7. 8 
3116. 379 1 32079. 22 9. 16 
3115. 862 1 32084. 54 4. 53 
3115. 656 > 3 32086. 66 6. 59 
3114. 054 1 32103. 17 3. 18 
3113. 592 2 32107. 93 7. 94 
3107. 978 2n 32165. 93 6. 13 
3103. 760 1 32209. 64 9. 63 
3099. 118 0 32257. 88 7. 92 
3098. 963 l 32259. 50 9. 46 
3097. 500 On 32274. 73 4. 82 
3096. O44 1 32289. 91 9. 92 
3087. 420 ln 32380. 10 9. 99 
3081. 832 1 32438. 81 8. 87 
3081. 278 1 32444. 64 4. 53 
3071. 276 1 32550. 30 0. 36 
3056. 250 2 32710. 33 0. 37 
3030. 605 2 32987. 11 7. O08 
3011. 883 2 33192. 15 2. 08 
3006. 598 0 33250. 49 0. 40 
2978. 060 1 33569. 11 9. 25 
2975. 655 0 33596. 24 6. 32 
2964. 196 l 33726. 11 5. 83 
2958. 462 1 33791. 48 L. 55 
2951. 356 0 33872. 83 2.85 
2949. 688 On 33891. 98 mie 
2947. 116 0 33921. 56 1. 54 
2946. 095 l 33933. 32 : 32 
2945. 870 0 33935. 91 5. 97 
2945. 050 3 33945. 36 &. 23 
2931. 803 ] 34098. 73 &. 68 
2924. 002 0 34189. 70 9. 79 
2906. 741 0 34392. 72 2. 74 
2904. 522 0 34418. 99 8. 93 
2898. 867 ] 34486. 13 6. 27 
2897. 635 In 34500. 79 0. 81 
2896. 595 0 34513. 18 3. 08 
2891. 904 In 34569. 16 9, 12 
2891. 705 I 34571. 54 1. 54 
2890. 414 l 34586. 98 7. 06 
2882. 634 0 34680. 32 0. 32 
2879. 741 0 34715. 16 5. 27 


Designation 


a*F;—v 5D; 
a ®Gy—4538823 
a *Gy—103 

a *G;—4536103 
a 5P3—494574 
a *P;—z !1D3 
b °F .—w *H3 
a*F;—v 5D3 
a*Gy—113 
z'*Di—g ®D, 
a *G3;—54289 
a *G;—133 

z 5D3—4, 

a *P.—zx 7™P3? 
b3 F; s IDs 
b §G3—u 3H4 
c 3p, u 3's 
a*F;—v 5D3 
a *G;—54357 
a *G;—4d3882; 
a*P,—2x !D3 
b3F,—y 3¢ 

a 5P,;—w °P 

2 7D; e 5P 

a °®Gy—542893 
z 'D3s—g 5G,? 
a*F.—v 5Dj 
b *G;—u 3F3 
b §G;—u 3H; 
hb 3F, 537 495 
a P, 2 3 

a *Py—z 'P; 
b 3F,—10 

a ®Hy—53358 
b AF’, t %*G3 
b3F t 3G 
a3G,—vw IF 
a%H,—y '!F 

a 5P,—u 5F 
b3H,—t 3H? 
a aK, y Ps 
b 38H y—60564 
a *H ,— 537343 
aG,—s 3G3 
a3G G3 
a 3H;—122 

a 5P,—u 3D 
a®P,—t 3D 
a%H,—54289 
a 3H,—133 

a *H y—54357 
b3F,—v 3H; 
a*F,—y 389? 
a3H;—13; 
b3F,—w IDs 


12 


9 


Multiplet 
Number 


| 
[ 


[ 


260 
53 


163 


noo 
or 


'V166 
lV 166 


TV150 


TV158 


Notes 


Pred 
New 
New 
New 
New 


New 
Pred * 
Pred 
New 
New 


New 
Pred 
New 
New 
Pred » 


New 
New 
New 
New 
New 


New 
New 
New 
Pred 
New 


New 
Pred 
New 
New ' 
New 


Pred » 
New 
New < 
New 
New 


New 
New 
New 
New 
New 


New 
New ‘ 
New 
(a) 


New 


New 
New 
New 
(a, « 


New 


New 


New ® ¢ 


New 
New 
New ° 


Reference 


—_ 


, 
BK, Z 
BK, U 
BK, Z 
BK 


BK, Z 
BK, U, W 
BK 
BK, W, Z 
BK, U 


BK, Z 
BK, W, Z 
BK, Z 
BK, Z 
BK, Z 


BK, Z 
BK, Z 
G 
BK, W, Z 
BK, Z 


BK, U 
BK 
BK, W, Z 
BK, W, Z 
BK 
Vv 
W,Z 
Bk, Z 
BK, U 


ice 


Wavelength 
A 


834 
2. 285 
. 046 


. 762 


. 462 
5. 836 


> 


783. 560 


. SSO 
, 526 
). 767 
Boil 
2. 320 


766. 560 
760. 623 


. 500 
8. 993 
. 808 


. 688 
5. 952 
2.778 
. 311 


2724. 344 


2723. 032 


2627. 


2609. 2 


2603. 
2596. 
2596. 


2593. 2 


2592. 2 


2588. 


2580. § 


2580. 


bo 


2 


tote 


Y. 451 


. 513 
22 


. 548 


Intensity 


0 
0 


In 


woe 


moO Oo 


TABLE 3. Classified faint lines of Fe 1 


Wave number (cm!) 


Observed Cale. 
34724. 55 4,72 
34726. 97 6. 99 
34751. 56 I. 70 
34876. 91 6. 99 
34930. 39 0. 43 
34952. 25 2.10 
34979. 28 9. 31 
35315. 89 89 


35457. 32 


DON ors 
bo 


35502. 98 92 
35566. 15 6. 18 
35674. 65 1. 78 
35741. 47 1. 55 
35821. 94 1. 98 
35914. 62 4,79 
35949, 23 9. 20 
35953. 81 3. 78 
36002. 48 2. 44 
36057. 74 ide 
36060. 23 0. 23 


36135. 30 
36213. 01 
36227. 74 


NI go on 
~ 
~“ 


36234. 40 4. 53 
36329. 00 9. 09 
36357. 01 7. 14 
36406. 48 6. 37 
36581. 97 2. 05 
36682. 20 2. 00 
36695. 22 5. 00 
36712. 90 2. 97 
36924. 16 4. 21 
37309. 13 9, 21 
37481. O08 1. 10 
37745. 30 5. 47 
37750. 77 0. 80 
37761. 81 1. 81 
37834. 92 4. 96 
37852. 72 2. 78 
38051. 55 1. 68 


38053. 18 3. 06 
38314. 19 4.15 
38405. 12 5. 11 
38500. 12 0. 18 
38508. 15 8. 22 
38549. 86 0. O1 
38564. 47 4. 44 
38614. 92 5. 09 
38733. 99 3. 86 
38739. 67 9. 76 


38743. 87 
39134. 59 


re Co 
_ 


39191. 44 45 
39242. 88 2. 91 
39262. 80 2. 84 
39289. 24 9. 17 
39378. 52 47 
39524. 66 4. 59 
39689. 12 9. 09 
39792. 72 . 57 


Designation 


a 5 F 5 


w 5G3 
my Rm oD 
575653? 
w 1F3? 


u 3F3 
x 38; 
v 1G3 
533583 


5750532 
6 20813? 
Z 1P3 


575653 
6208 13? 


u 3H 3 
D387 493 
w 3G3 
2 5H3 
v 5F3 
w IF 3 


537853 
536105 


a 1H 

a IFS 
605643? 
537853 


v 8D;? 


y Ss 
z 1H$ 
t *H3? 


w 3Fs 


u >Hé 
575653 
62081 3? 
4945732 
620813? 


y *H4 
t 3F3 
y °G3 
t 3F3 
y *Gj 


—xr 1Gj 


605643 
u 3B 
y °Gj 
t *Hj 


t °H$ 


605643 


-2 3Sj 


u 5D$ 
y 1D3 


v 34? 
620813? 
u 5D} 
620813? 
t §F3 


w > D3 
z §H3 
605643) 
605643 
u 5] 3 


Continued 


Multiplet 
Number 


UV90 


UV168 


UV95 


pm 
© ifm 
boo 


No 
“Ibo 


ad 
<< 


UV49 


UV98 
UV144 


UV154 


UV99 


UV171 


9 


Notes 


New 
New 
New 
New 
New 


New 
New 
New 
(a, e) 


New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


° 


= 0 


Reference 


BK, U, W 


\ 
BK, Z 
BK, U 

BK 


BK, Z 
Z 
BK, U, W 
BK, W, Z 
BK, U 


UW 
BK, Z 
BK 
BK 
BK 


BK, Z 
BK, Z 
BK, U 


Vv 
BK, W, Z 


BK 
BK 
BK, U 
BK, W 
BK, W, Z 


BK, Z 
BK. Z 
K 


B 
BK, W, Z 
BK, U 
BK 
Z 
BK, U 
U 
BK, W, Z 
BK, W, Z 
BK, U 
BK, U 
BK, U 
BK, Z 
BK, W, Z 
G 
BK 
BK, U 
BK, U 


BK, U 








| 


1] 


Wavelength 
A 


TABLE 3. 





Intensity 


Wave number (cm~') 








2509. 390 
2508. 948 
2504. 635 
2504. 101 
2499. 693 


2498. 698 
2494. 504 
2492. 822 
2489. 917 
2484. 5 


2480. 393 
2469. 666 
2466. 530 


| 


wots = w 


Observed Cale. 
39838. 32 8. 33 
39845. 34 5. 40 
39913. 95 4. 04 
39922. 46 2. 47 
39992. 86 2. 88 
40008. 78 8. 77 
40076. 04 6. 00 
40103. 08 3. 13 
40149. 87 9. 98 
40236. 92 7. 03 
40304. 02 4. 09 
40479. 07 9. O09 
40530. 53 0. 35 
40636. 97 6. 82 
40692. 63 2. 56 
40744. 64 4. 66 
40764. 95 4. 94 
40767. 83 7. 92 
410780. 93 0. 82 
40796. 66 6. 58 
40827. 80 a. 40 
40889. 00 8. 95 
410977. 40 7. 42 
40985. 14 5. 14 
41088. 11 7. 96 
41099. 16 8. 96 
41100. 34 0.18 
41136. 53 6. 64 
41149. 41 9, 28 
41202. 29 2 33 


41406. 98 
41433. 61 


01 
64 


NON 
Qo 
~J 


$1443. 81 8 
41447. 32 38 
41454. 36 35 
41634. 28 4. 
41757. 36 7. 25 
41774. 18 4,29 
41796. 33 6. 45 
41866. 27 6. 18 


41905. 75 
42028. 64 
42057. 51 


SI or 


42080. 40 0. 58 
42227. 64 7. 67 
42312. 89 2. 83 
42325. 21 5. 10 
$2428. 31 8. 1 
one f 5.92 
42 d 
42506. 10 | 6.04 
42528. 84 8. 78 
42607. 18 7. 06 
42630. 54 0. 2 
42885. 27 5. 11 
43022. 96 3. 00 
43537. 03 6. 90 


Designation 


a 5P,— 575653 
a 5Fy—w ®G3 
a5P,—t 3F3 
53 F, 60564 § 
a3F,—u 3D3 


a 5F,—v 5P3 
a 5Fy—z 1G; 
a 5Fy—w 5G3 
a 5F,.—2z *P3 
a 3F, t 3D3 


a SF, v 5P3 
5 583 
a 5F,—x 3P% 


o 3F,— w 3H 
a3F,—y 'F§ 


a%H;—t 3H§ 

a 3 F,— 537343 
a 3F3;—93 

a 3F,— 537493 
a 3F;— 533583 
a*F;—t 5P3? 
a*H, q *G3? 


a3F,—s 3D3 
a 5 Fy—w 3Gj 
5 » 3Ds3 


a 5F,— w 3G3 
a 3 F ; y 1 F ; 
a’H;—t 3H3 
a5F,—v 3D3 
a*F;—2z 1F3 


a5F;—v 3D3 

a 5F;—w 3G3 

a3F 11 

a SF, w 3FS 

a] Z 1H: 

a3 Fy—53610;5 
a 3F, 3734 

a5F;—y 1G; 

a%F; 


a 3F,— 53882; 
a 3F,—113 

a 5F w 3P5 ? 
a SF y—494575 
a5F,—y 3H 
a 3F,— 542893 
a aK, 134 


a*D,—y 5G3 


a 3P,—620813? 
a5—D;—y 5G 
a5F;—a *P3? 
a3F;—v 3Hj 
a®D,—y ®Gj 


a3F;—s 3G3 


14 


Classified faint lines of Fe 1—Continued 


Multiplet 
Number 


UV59 


UV104 


~ 


V6l 
TV59 
UV65 


~~ 


V10 
'V65 


V106 


UV157 


V105 


<<s 
GO th 


a peed pd pe 
7 

on 

“I 


< 


_ 


1V66 
UV67 


Notes 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 
New 
New 


New 
New 
New 


New 
New 


New 
New 
New 
New 
New 


Reference 


G 
G 


BK 
Bk, 
Bk, 
Bk, 
Bk, 


BK 
BK 
Bk, Z 
BK, W 
BK, Z 


BK 
BK 
BK, U 
BK, U 
BK 


BK 

BK 

BK 
BK, Z 
BK, U 


BK, Z 
BK 
Bk 

BK, U 
BK 


BK 
BK 
Bk 


BK 
BK 


BK 
BK, U, W 
BK 
BK, U 
BK, X, Z ¥. 


2295. 


2294. 
2290. 
2288. 
2287. 


2208. 
2192. 


2190. 


2189. 
2185. 
2184. 
2178. 


2177. 


to bo 


2ST ss 


romrrr 
=I 


Wavelength 
A 


310 
100 
907 
608 
462 


». 442 
. 629 
. 152 
5. 758 
5. 676 


893 
610 


. 675 
. 368 
». 0638 


. O90 


059 
714 
819 
879 


720 
216 
L6G 
797 
690 





TABLE 3. Classified faint lines of Fe1 





—Concluded 











value quoted in Table B of the Monograph.{1] 


Wave number (cm~!) 
Intensity pve a Designation Multiplet | Notes | Reference 
Number | 
Observed Cale. 
| 13553. 68 3. 61 a5F\—y 'D3 New BK, U 
3 43576. 65 6.58 | a®F;—v 3F3 New BK, U 
3 13637. 38 4; 20 a5F;—v 3]°3 New BK 
l $3681. 21 40 a 5F;—4j UV72 New BK 
3 13703. 09 3. 05 a ®P>—620813? New BK, U 
3 43722. 59 2. 53 y 1D3 | New BK, Z 
2 13814. 81 1. 76 u 3F3 UV112 New *@ | U: x 
2 13862. 42 2. 38 3F u >H3 New | BK, U 
3 13927. 83 1: Si | 5h .—v 3F 3 New | BK, U 
l 13929. 42 9. 30 a3F,—s 3G; UV111 New 
1 13963. 86 3. 91 a 5Fy—u 5P3 UV73 New BK, U 
3 43988. 68 8. 52 a5F,—v 3F3 New BK, X, Z 
3 14026. 16 6. 10 a5F,—t 3Dj New Bk, U 
| 14032. 11 2. 40 a 5F, 7? UV72 New ¢ BK, Z 
3 14311. 28 1.16 a 5F,—u 3D3 UV75 New BK 
2 14807. 22 7. 07 a3Fy—u 3F UV112 New U 
2 14989. 30 9. 14 aF;—t 3Fj UV114 New | BK, U 
l 15261. 10 0. 96 a5®D.—z 5G UV20 New BK, U 
3 5589. 15 9. 09 a 3B y—575653? New BK. xX, Z 
3 15629. 52 9. 46 a 5 F3— 533583 New Bk, U 
1 15653. 66 3. 65 a 5F,—v 3P 7? New BK, U 
0 15747. 75 ie i a 5F,—53734 New BS Ay 2 
| 15763. 58 3. 59 a 5F,— 53749 New Z 
2 15882. 52 y Mie ey a ®F3,—53610; New } BK, U 
1 15905. 84 5. 74 a 5F,—103 UV80 New BK, U 
3 15980. 74 0. 75 a ®Fy— 53358 | New BK, X, Z 
0 16019. 05 9. 02 a 5F,—1138 UV82 New BK 
| 16021. 40 {a2 a 5F3—537 493 New BK 
3 46056. 74 6. 67 a 5F3— 53785 New BK, X, Z 
| 16126. 50 6. 50 a5F,—t 5P3 UV78 New BK 
3 16153. 95 3. 84 a 5F3;— 53882} New BK 
3 16233. 75 3. 66 ' a 5Fy,— 536104 New BK, X, Z 
16303. 34 3. 29 a 5F,—54289 New BK 
3 16308. 94 8. 94 aD, Fs UV25 New BK 
3 16356. 78 6. 73 a 5F ,— 537343? New 4 BK, X, Z 
3 16371. 57 1. 50 a 5F,— 543573 New BE. 2%, -4 
0 16386. 67 6. 50 a5Fy—a 'F3 New BK 
3 16407. 92 7. 96 a 5F—537853 New U 
| 16505, 22 5 13 a 5F 538823 | New BK, X, Z 
3 16561. 12 1. 02 a 5F;—542893 New BK, X, Z 
| 
3 16629, 45 9, 33 a ®F,— 54357 New BK, Z 
3 16682. 16 2. 16 a5F;—536103 New Z 
3 16912. 35 2 3 a ®F,—54289 New ’ 
2 16980. 67 0. 62 a 5F,— 54357 New BK, X, Z 
l 16989. 41 9, 29 a®D.—w 5G UV28 | New BK, U 
0 17055. 16 5. 02 a5F;—t 3G UVS8I1 | New BK, U 
0 17085. 65 5. 50 a 5F;—123 New BK, U 
0 17350. 98 0. 77 | a5—D,—v 5F3 UV31 | New | BRON, © 
| 
1 52653.4 | 3.53 a*D,—533583 | | New N 
10 52861. 5 1. 26 a 5—D,— 637493 | New N 
2 53081. 2 0. 74 a 5T).— 437853 New N 
15 53610. 6 0. 44 a 5D,— 536103 New N 
2 53784. 9 1, 79 a 5D .— 537853 New N 
‘— ee 
® Improved wavelength of previously known line listed here as preferable to the 4 Member of resolved doublet. 
] e Designation in Table B of the Monograph to be rejeeted. 
b Predicted line not listed in Table C of the Monograph. See Ref. 3. * This line is listed as 10r III by A. S. King; the line classified here may be 
See J. C. Dobbie, Ann. Solar Phys, Obs, Cam- masked. 


© Blend of Fe 1 and Fe I. 


bridge, V, p 


t. 1, 


1938 
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Reference Sources for Wavelengths 

















BK K. Burns and C. C. Kiess, unpublished material (1934). S = J.C. Dobbie, unpublished material. 
CW. F. Meggers and C. J. Humphreys, NBS J. Research T Sinclair Smith, unpublished material. 
18, 543, RP 992 (1937). UG. R. Harrison, unpublished material, Mass. Inst. 
D_ C.C. Kiess, NBS J. Research 20, 33, RP 1062 (1938). Tech. (June 1942). 
GK. Burns and F. M. Walters, Jr., Publ. Allegheny Obs.8, VK. Burns, Lick Obs. Bull. 8, 27, No. 247 (1913). 
39, No. 4 (1931). WH. Kayser, Handbuch der Spectroscopie 6, 896 (1912). 
J C. E. St. John and H. D. Babcock, Mt. Wilson Contr. X  H. Schumacher, Zeit. Wiss. Ptg. 19, 149 (1919) (cor- 
No. 202; Astroph. J. 53, 260 (1921) (corrected). rected). 
N_ L.C. Green, Phys. Rev. 55, 1209 (1939), and unpublished Z  G. R. Harrison, Mass. Inst. Tech. Wavelength Tables 
material (1937). (John Wiley and Sons, Inc., New York, 1956), 
O W. F. Meggers and C.C. Kiess, BS Sci. Pap. 14, 642, ZZ H.M. Crosswhite, Johns Hopkins Spectroscopic Report 
No. 324 (1918). No. 13, 120 pp. (1958). 
TaBLE 4.—New Fe 1 lines, unclassified 
Wavelength | Intensity | Wave Number Notes and Wavelength Intensity Wave Number Notes and 
! em! References A em"! References 
8558. 647 1 11680. 88 6347. 162 3 15750. 72 
7952. 338 1 12571. 46 6333. 354 3 15785. 06 
7945. 090 2 12582. 93 6242. 738 3 16014. 18 
7937. 914 In 12594. 30 6143. 052 3 16274. 05 
7854. 150 On 12728. 62 5884. 323 l 16989. 60 
7775. 383 1 12857. 56 5699. 308 2 17541. 12 
7714. 603 0 12958. 86 5644. 033 2 17712. 91 
7702. 968 | 0 12978. 44 5625. 704 3 17770. 62 
7693. 734 0 12994. 01 5601. 298 2 17848. 05 
7675. 972 l 13024. 08 5590. 661 3 17882. 01 
7674. 966 0 13025. 79 2n 17884. 60 
7657. 254 0 13055. 92 2n 17907. 59 
7643. 394 0 13079. 59 2n 18002. 71 
7626. 473 0 13108. 61 2 18068. 83 
7624. O11 0 13112. 85 2 18107. 32 U, W 
7615. 529 0 13127. 45 5512. 658 $n 18135. 03 
7614. 148 0 13129. 83 5477. 744 In 18250. 6 
7600. 948 0 13152. 63 5458. 572 2 18314. 72 
7599. 624 0 13154. 92 5418. 598 2n 18449. 83 WwW 
7596. 842 0 13159. 74 5351. 751 l 18680. 28 
7588. 834 0 13173. 63 af 98 1 18683. 60 
7580. 647 0 13187. 86 535 3- 0 18684. 88 
7576. 505 0 13195. 06 5333. 396 2 18744. 57 
7573. 444 0 13200. 40 U 5319. 079 2n 18795. 02 
7567. 043 0 13211. 56 5317. 854 l 18799. 35 
7554. 743 0 13233. 07 5313. 542 kn 18814. 60 
7528. 735 0 13278. 79 5312. 539 0 18818. 16 
7523. 388 0 13288. 22 5312. 024 0 18819. 98 
7501. 061 0 13327. 78 5311. 641 l 18821. 34 
7476. 098 0 13372. 28 5310. 855 On 18824. 12 
7453. 230 1 13413. 31 5310. 270 On 18826. 20 
7438. 336 1 13440. 16 5309. 780 0 18827. 93 U, W 
7435. 798 On 13444. 75 5308. 228 0 18833. 44 
7214. 630 l 13856. 91 5307. 736 | 18835. 18 
7192. 458 In 13899. 62 5306. 060 On 18841. 13 
7009. 530 1 14262. 36 5303. 874 In 18848. 90 
6864. 229 1 14564. 26 5301. 408 1 18857. 67 
6692. 280 1 14938. 47 5199. 090 3 19228. 78 
6587. 388 l 15176. 33 5182. 983 2 19288. 54 
6515. 104 In 15344. 71 a 5181. 335 3 19294. 67 4 
6491. 395 1 15400. 75 5176. 806 l 19311. 55 
6478. 828 1 15430. 63 5173. 498 3 19323. 90 
6452. 148 In 15494. 43 5166. 694 3 19349. 35 
6392. 988 3 15637. 82 5160. 094 3n 19374. 10 
6366. 040 3 15704. O01 5154. 039 2n 19396. 86 
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TABLE 4.—New Fe 1 lines, unclassified—Continued 





Wavelength Intensity | Wave Number Notes and Wavelength Intensity | Wave Number Notes and 
Inst 2 em” References A em"! References 
' 5149. 746 3 19413. 02 4712. 515 l 21214. 16 
— 5147. 107 2 19422. 98 4710. 650 0 21222. 56 
5140. 826 3 19446. 71 47038. 228 0 21256. 04 
Lia 5097. 498 3 19612. 00 $702. 642 0 21258. 69 
— 5025. 514 3 19892. 91 4702. 299 On 21260. 24 
port 5013. 914 3 19938. 94 U 1701. 849 On 21262. 28 BK 
1996. 792 3 20007. 26 41699. 424 3n 21273. 25 
1996. 174 On 20009. 73 4691. 769 0 21307. 96 
1992. 502 1 20024. 45 4688. 964 0 21320. 71 
1974. 246 0 20097. 94 U, W 1686. 641 0 21331. 27 
1961. 040 3 20151. 44 U, W 4686. 348 On 21332. 61 
d 1948, 299 | 20203. 33 1685. 583 On 21336. 09 
Ss 1947. 645 3n 20206. 00 U 1684. 662 2 21340. 28 
1947. 418 0 20206. 92 1680. 628 l 21358. 68 
1944, 306 3 20219. 64 1676. 757 0 21376. 36 
$932. 134 5 20269. 54 1674. 297 2 21387. 60 U, W 
1924. 333 3 20301. 65 4671. 337 In 21401. 16 
1915. 806 3 20336. 87 1664. 750 l 21431. 38 
1913. 168 3 20347. 78 1660. 920 In 21448. 99 
1911. 587 5 20354. 3 U 1660. 478 ln 21451. 02 
1906. 144 0 20376. 92 1656. 548 In 21469. 12 
1902. 368 | 20392. 61 4650. 388 On 21497. 56 
4901. 272 2 20397. 17 1648. 986 0 21504. 05 (c) 
1900. 816 2 20399. 07 4640. 958 l 21541. 24 U, W 
1900. 520 0 20400. 30 1640. 340 2n 21544. 11 U, W 
1898. 930 0 20406. 92 1605. 610 2n 21706. 57 BK, T 
1895. 672 0 20420. 50 $597. 403 2 21745. 32 U, W 
1880. 976 2 20482. 82 4590. 815 2n 21776. 52 U 
1875. O81 3 20506. 75 4585. 337 ] 21802. 54 
1864. 512 2 20551. 31 4582. 297 In 21817. 00 
1862. 992 3 20557. 73 $581. 186 l 21822. 29 
1861. 947 3 20562. 15 U, W 4566. 940 3 21890. 36 U, W 
1833. 817 | 20681. 81 1560. 892 l 21919. 39 
4832. 036 l 20689. 43 4557. 287 2 21936. 73 U 
4825. 357 3 20718. 07 U, W 1533. 078 2n 22053. 88 U 
4821. 572 2 20734. 33 $517. 136 ] 
1818. 038 l 20749. 54 1509. 804 2n U, W 
1814. 365 2 20765. 37 4509. 430 2 
41811. 407 0 20778. 13 1500. 652 In 
1805. 072 2n 20805. 53 1480. 731 In (¢) 
1793. 336 0 20856. 47 1478. 649 In 
1784. 034 2 20897. 02 4471. 600 0 
$782. 147 In 20905. 26 4468. 452 0 
1776. 451 on 20930. 19 $465. 552 0 
1774. 939 ln 20936. 82 4460. 642 0 
1768. 697 3 20964. 23 U $452. 773 ln 
1766. 821 3 20972. 48 4451. 684 On 
1756. 888 0 21016. 27 4445. 050 0 W 
1756. 356 l 21018. 62 $432. O87 In 
$752. 470 l 21035. 81 4431. 799 } in U 
1746. 278 0 21063. 25 4425. 090 On 22592. 07 
1733. 945 0 21118. 12 $424. 608 ] 22594. 53 
1730. 009 3n 21135. 70 $424. 061 l 22597. 32 
4728. 160 l 21143. 96 4420. 266 2n 22616. 72 
1722. 522 On 21169. 20 4416. 688 0 22635. 04 W 
1719. 716 0 21181. 79 4416. 423 i 22636. 40 U 
1719. 238 On 21183. 94 $416. 137 0 22637. 87 
1717. 620 2n 21191. 20 $412. 146 ] 22658. 34 
1717. 358 2n 21192. 38 4411. 914 Zn 22659. 54 
1716. 483 0 21196. 31 4406. 946 } 22685. O08 
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TaBLE 4.—New Fe 1 lines, unclassified—Continued 








Wavelength | Intensity | Wave Number; Notes and Wavelength Intensity | Wave Number Notes and 
. em | References A em! References 

4399. 260 0 22724. 71 | 4282. 052 In 23346. 72 
4395. 937 On 22741. 89 U 4281. 921 In 23347. 43 
4394.098 | l 22751. 41 | 4281. 855 l 23347. 79 
4385. 776 In 22794. 58 4281. 490 l 23349. 78 BK 
4384. 848 2 22799. 40 4280. 285 In 23356. 36 U 
4381. 429 In 22817. 19 4278. 604 In 23365. 53 
4380. 108 1 22824. 07 - 1276. O82 l 23379. 32 
4378. 486 2 22832. 53 pik 2. 528 l 23398. 76 U 
4376. 446 l 22843. 17 4270. 838 l 23408. 02 
4374. 988 I 22850. 78 4270. 628 Ln 23409. 17 
4374. 116 1 22855. 34 4270. 251 In 23411. 24 
4372. 558 l 22863. 48 4269. 730 In 23414. 10 U 
4371. 742 0 22867. 75 $252. 911 In 23506. 69 
4364. 772 ] 22904. 27 $251. 999 In 23511. 73 
4362. 484 1 22916. 28 4251. 657 On 23513. 62 | 
4357. 940 0 22940. 17 4251. 288 In 23515. 66 
4357. 098 0 22944. 61 4249. 596 In 23525. 03 [ 
4355. 144 1 22954. 90 4249. 216 l 23527. 13 
$347. 000 0 22997.91 | 1236. 461 l 23597. 96 
4344. 928 l 23008. 87 U 4234. 122 In 23611. 00 
4341. 392 l 23027. 61 4229. 406 l 23637. 32 U 
4340. 950 0 23029. 96 ; 4228. 384 In 23643. 04 U 
4340. 279 0 23033. 52 4223. 221 l 23671. 94 
4337. 455 0 23048. 51 $219. 850 l 23690. 85 W 
4337. 366 l 23048. 99 $219. 018 l 23695. 52 
4336. 122 I 23055. 60 1218. 880 l 23696. 30 
4335. 773 0 23057. 46 U, W 4218. 812 l 23696. 68 
1335. 399 0 23059. 44 4218. 464 l 23698. 64 
4334. 928 In 23061. 95 4211. 568 | 23737. 44 
1334. 428 On 23064. 61 4210. 868 l 23741. 38 
$332. 711 l 23073. 75 U $209. 447 l 23749. 40 
4332. 432 l 23075. 24 U 4206. 210 In 23767. 68 U 
$331. 411 In 23080. 68 U $203. 258 In 23784. 37 U 
4330. 640 J 23084. 78 4199. 557 In 23805. 33 
4327. 410 0 23102. O1 4197. 512 0 23816. 93 
4323. 658 In 23122. 06 $194. 099 l 23836. 31 
4320. 767 In 23137. 53 U $193. 600 I 23839. 14 U, W 
4319. 231 0 23145. 76 $192. 794 0 23843. 72 
4316. 832 0 23158. 62 4192. 622 In 23844. 70 
4316. 525 0 23160. 27 4192. 374 In 23846. 11 
4315. 495 0 23165. 80 $191. 974 In 23848. 39 
$315. 400 0 23166. 31 $190. 938 ln 23854. 28 
4313. 812 ] 23174. 84 W $190. 000 In 23859. 62 
$312. 950 In 23179. 47 4189. O15 In 23865. 24 
4310. 531 ] 23192. 48 U $188. 300 In 23869. 31 
4309. 704 0 23196. 92 $185. 793 3 23883. 60 
4306. 991 | 23211. 54 BK $184. 546 l 23890. 72 
4306. 068 0 23216. 51 1184. 400 l 23891. 56 
4302. 541 0 23235. 54 | 4181. 278 In 23909. 39 | U 
4302. 344 0 23236. 61 4189. 176 0 23915. 70 | 
4299. 770 1 23250. 52 $179. 689 | 23918. 48 
4298. 324 1 23258. 34 $174. 208 On 23949. 89 
4297. 106 In 23264. 93 $160. 333 In 24029. 76 U 
4293. 612 In 23283. 86 U $158. 366 l 24041. 13 U 
4293. 400 On 23285. O1 U $157. 306 ] 24047. 26 
4288. 297 1 23312.72 | 1156. 322 In 24052.95 | U 
4287. 952 1 23314. 60 4155. 914 l 24055. 31 | U 
4285. 984 1 23325. 30 | 4152. 778 | 24073.48 | 
4283. 770 1 23337. 36 BK $152. 651 1 24074. 21 
4282.914 | In 23342. 02 | 4148. 794 In 24096. 60 = | 
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Wavelength 
A 


4141. 400 
1139. 718 
1139. 276 


4137. 642 


1136. 200 


35. 887 

35. 607 
5. 039 

31. 146 
‘ 


27. 252 


$127. 120 
$126. 965 

24. 332 
1119. 746 
1118. 065 


$110. 814 
1110. 310 
1107. 160 
7. O15 
1096. 695 


1095. 346 
1094, 422 


4086. 406 


1081. 264 
1072. 332 


1072. 183 
1071, 282 
1071. 146 
1070. 954 
1070. 554 


1070. O90 
1069. 786 
1069. 700 
1069. 610 
1068. 898 


1068. 800 
1068. 704 
1068. 483 
1068. 254 
1066. 768 


1061. 848 
1054. 454 
1049, 924 
1041. 828 
1037. 136 


1036. 552 
1033. 648 
1026. 770 
1022. 564 
1021. 374 


1021. 002 
1015. 023 
1014. 340 
1014. O72 
1012. 628 


1010. 618 
1010. 522 
1009, 388 
1009. 240 
1008. 531 
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24766. 
24784. 
24826. 
24852. 
24860. 
24862. 
24899. 
24903. 


24905. ¢ 
24914. 2 


24926. 


24927. 36 


24934. 
24935. 


24939. 7 
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Wavele 
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4003. 
3999, 
3996. 
3996. 
3995. 


3993. 
3991. 
3983. 
3983. 
3978. 


3977. 
3970. 
3966. 
3962. 
3960. 


3957. 
3946. 
3943. 
3940. 
3939. 


3936. 
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287 
398 
540 
139 
156 


642 
395 
645 
518 
247 
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863 
973 
717 
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007 
166 
122 
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3934. 97 
3934. 35 


3932. 
3931. | 


3926. 
3924. 


3915. : 
3904. 5 
3843. 5% 


3842. 
3842. 
3838. 
3838. 
3838. 
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3819. 
3819. 


3819. 


3818. 


3818. 


3818. 


3818. 
3818. 
3817. 


3817. 
3817. 
3817. 
3816. 
3816. 
3815. 
3815. 
3814. 


3814. 


3814. 


3814. 
3812. 
3812. 
3812. 
3812. 


796 
556 
567 
201 
O84 


914 
679 
354 
276 
950 
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593 
141 
043 
793 
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268 
094 
702 
594 
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021 
892 
668 
268 
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761 
624 
518 
306 
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24972. 41 
24996. 70 
25014. 57 
25017. 08 
25021. 36 
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5046. 81 
9095. 54 
5096. 34 
5129. 59 
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26046. 48 
26047. 28 


26048. 43 
26172. 78 
26175. 01 
26175. 54 
26177. 78 


26178. 70 
26180. 23 
26183. 32 
26184. 00 
26185. 71 


26188. 24 
26189. 31 
26190. 51 
26193. 20 
26193. 94 


26203. 59 
26204. 74 
26205. 62 
26207. 16 
26209. 91 


26211. 45 
26220. 27 
26221. 21 
26221. 94 
26223. 40 
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TaBLE 4.—New Fe 1 lines, wnclassified—Continued 











Wavelength Intensity | Wave Number | Notes and Wavelength Intensity Wave Number Notes and 
A em"! References A em7! References 

3812. 026 2 26225. 33 | 3791. 930 0 26364. 31 

3811. 484 3 26229. 06 U 3790. 917 On 26371. 35 U 
3811. 101 l 26231. 69 Ww 3790. 254 3 26375. 97 

3810. 526 | 2 26235. 65 U 3788. 944 In 26385. 08 U 
3810. 332 On 26236. 98 U 3788. 593 0 26387. 53 

3809. 882 0 26240. O8 3788. 472 0 26388. 37 

3809. 334 0 26243. 86 3788. 281 l 26389. 70 

3808. 871 0 26247. 05 3787. 661 l 26394. 02 

3807. 986 ' 1 26253. 15 3787. 379 0 26395. 99 U 
3807. 791 On 26254. 49 U 3787. 059 0 26398. 22 

3807. 313 0 26257. 79 3786. 907 0 26399. 28 U 
3807. O88 0 26259. 34 3786. 811 2 26399. 95 

3806. 476 0 26263. 56 U 3786. 443 3 26402. 51 

3806. 052 0 26266. 49 W 3785. 486 3 26409. 19 

3805. 771 3 26268. 43 U 3785. 262 0 26410. 75 U 
3805. 568 0 26269. 83 U 3785. 127 0 26411. 69 

3805. 478 ] 26270. 45 3784. 934 0 26413. 04 

3805. 140 I 26272.78 | 3784. 812 1 26413. 89 

3805. 024 1 26273. 58 3784. 698 ] 26414. 68 

3804. 842 On 26274. 84 3784. 386 3n 26416. 86 U 
3804. 501 1 26277. 20 3783. 721 2 26421. 51 

3804. 228 0 26279. 08 3783. 470 0 26423. 26 

3803. 704 0 26282. 70 U 3783. 275 I 26424. 62 

3803. 408 3 26284. 75 3782. 862 3 26427. 50 U 
3803. 106 In p 26286. 84 3781. 749 0 26435. 28 

| 

3802. 936 On 26288. 01 3781. 300 0 26438. 42 

3802. 682 1 26289. 76 3780. 966 0 26440. 76 

3802. 536 0 26290. 78 3780. 828 0 26441. 72 

3801. 468 1 26298. 16 3780. 678 0 26442. 77 

3801. 066 0 26300. 94 | U 3780. 562 0 26443. 58 

3800. 955 0 26301. 71 3780. 256 0 26445, 72 U 
3800. 813 On 26302.69 | 3780. 004 0 26447. 49 

3800. 699 2 26303. 48 U 3779. 810 0 26448. 84 U 
3800. 407 1 26305. 50 3778. 928 0 26455. 02 

3800. 269 1 26306. 46 | 3778. 809 l 26455. 85 U 
3800. 173 0 26307. 12 | 3777. 848 ] 26462. 58 

3800. 026 0 26308. 14 ~ 3777. 588 On 26464. 40 

3799. 208 l 26313. 8 3777. 186 3 26467. 22 U 
3799. 109 1 26314. 49 3776. 838 0 26469. 66 

3799. 024 0 26315. 08 3776. 226 0 26473. 94 

3798. 910 1 26315. 87 3776. 110 0 26474. 76 

3798. 196 0 26320. 82 3775. 972 0 26475. 73 

3798. 072 1 26321. 68 U 3775. 656 2 26477. 94 

3797. 666 3 26324. 49 3775. 503 0 26479. 02 

3797. 191 0 26327. 78 3775. 364 0 26479. 99 

3797. 054 0 26328. 7: 3775. O80 0 26481. 98 U 
3796. 730 0 26330. 98 } 3774. 952 l 26482. 88 

3796. 608 In 26331. 82 | UU, Ww 3774. 180 0 26489. 57 

3796. 259 0 26334. 24 3773. 999 0 26493. 28 

3795. 824 0 26337. 26 U 3773. 470 0 26494. 16 

3795. 741 1 26337. 84 U 3773. 166 ] 26496. 75 

3795. 608 0 26338. 76 3772. 841 0 26497. 70 

3795. 386 1 26340. 30 3772. 702 0 26498. 67 

3794. 562 1 26346. 02 3772. 287 0 26501. 59 U 
3794. 486 1 26346. 55 3771. 816 In 26504. 90 

3794. 174 0 26348. 72 3771. 249 On 26508. 88 

3793. 726 3 26351. 83 3770. 786 0 26512. 14 

3793. 136 ] 26355. 93 3770. 548 0 26513. 81 

3792. 454 0 26360. 67 U, W 3769. 310 In 26522. 52 

3792. 292 0 26361. 79 U 3769. 071 In 26524. 20 
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TapLp 4.—New Fe 1 lines, unclassified Continued 


Wavelength Intensity | Wave Number Notes and Wavelength Intensity | Wave Number Notes and 
A em”! References A em"! References 
3768. 697 0 26526. 83 U 3614. 272 1 27660. 20 BK 

3768. 561 3 26527. 79 3613. 296 0 27667. 67 

3767. 788 ] 26533. 23 3612. 783 l 27671. 60 

3767. 610 3 26534. 49 3612. 671 | 0 27672. 46 

3764. 718 0 26554. 87 3612. 418 0 27674. 40 

3759. 732 l 26590. O8 3612. 233 2 27675. 81 

3754. 068 0 26630. 20 3611. 935 In 27678. 10 

3741. 903 On 26716. 77 3611. 768 ] 27679. 38 

3741. 743 On 26717. 92 Z? 3611. 651 In 27680. 27 

3728. 972 2 26809. 42 U 3611. 519 l 27681. 28 

3723. 946 l 26845. 60 3611. 392 On 27682. 26 

3723. 570 On 26848. 31 3611. 188 In 27683. 82 U 
3706. 070 l 26975. OS U 3610. 972 0 27685. 48 

3699. 810 ] 27020. 72 U 3610. 867 0 27686. 28 

3695. 632 2n 27051. 27 Z 3609. 996 l 27692. 96 

3694. 752 1 27057. 72 3609. 884 In 27693. 82 

3680. 962 2n 27159. O8 U 3609. 426 ] 27697. 24 U 
3680. 396 2n 27163. 26 Z 3608. 365 1 27705. 48 

3676. OOS 0 27195. 68 3607. 780 2n 27709. 97 

3672. 114 0 27224. 52 U 3607. 634 ln 27711. 09 

3668. 730 ln 27249. 63 U. W 3607. 333 l 27713. 41 [ 
3665. 845 l 27271. 07 U, W 3607. 256 l 27714. 00 

3665. 762 l 27271. 69 3607. 102 2n 27715. 18 

3659. 214 1 27320. 49 3606. 932 l 27716. 49 

3659. 094 ln 27321. 39 3606. 253 2 27721. 70 l 
3658. 742 ] 27324. 02 U 3606. 165 l 27722. 38 

3653. 157 On 27365. 79 U 3606. 016 0 27723. 53 

3652. 969 0 27367. 20 3604. 874 0 27732. 3 

3651. 918 ln 27375. 07 U 3604. 090 On 27738. 34 

3651. 182 In 27380. 59 3603. 956 2 27739. 37 Z 
3646. 580 In 27415. 14 U 3603. 449 l 27743. 28 

3642. 198 On 97448. 13 3603. 350 2 27744. 04 

3640. 834 1 27458. 41 3602. 898 0 27747. 52 

3640. 096 1 27463. 98 U 3602. 323 0 27751. 95 

3639. 964 In 27464. 97 U 3602. 223 0 27752. 72 

3639. 605 In 27467. 68 3601. 858 l 27755. 53 

3639. 502 In 27468. 46 U 3601. 273 l 27760. 04 

3639. 308 In 27469. 92 U 3601. 116 1 27761. 25 

3628. 868 l 27548. 95 \ 3600. 870 1 27763. 15 

3628. 620 | 27550. 83 3600. 675 l 27764. 65 U 
3628. 414 0 27552. 40 Ss, U 3600. 533 l 27765. 74 U 
3628. 210 0 97553. 94 3600. 418 1 27766. 63 U 
3627. 419 In 97559. 95 3600. 036 In 27769. 58 U 
3625. 498 l 27574. 56 3599. 972 2n 27770. 07 Z 
3622. 981 l 27593. 71 3599. 842 1 27771. 07 

3622. 751 ln 97595. 46 3599. 760 1 7 at he ae 

3622. 431 3 27597. 90 3599. 468 0 27773. 96 U 
3620. 679 ] 27611. 26 3599. 293 0 27775. 3 

3619. 942 2n 27616. 88 U 3598. 554 0 27781. O1 

3617. 629 In 27634. 53 3598. 233 In 27783. 49 

3617. 472 l 27635. 73 3597. 804 1 27786. 80 Bk, W 
3617. 007 2 27639. 29 BK, U 3597. 478 0 27789. 32 

3616. 857 0 27640. 43 3597. 314 0 27790. 59 

3616. 722 l 27641. 46 3597. 158 0 27791. 79 

3616. 642 AY 27642. OS 3596. 853 In 27794. 15 

3616. 036 0 27646. 71 U, W 3596. 727 0 27795. 12 

3615. 814 2 27648. 40 U 3596. 612 0 27796. O1 

3615. 518 0 27650. 67 3596. 438 0 27797. 36 

3615. 328 0 27652. 12 Z 3596. 334 0 27798. 16 

3614. 404 On 27659. 91 3595. 526 ] 27804. 41 U 
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TaBLE 4.—New Fe 1 lines, unclassified—Continued 


ij j 


Wavelength Intensity | Wave Number Notes and | Wavelength Intensity | Wave Number Notes and 
A em! References | A em! References 

3595. 438 0 27805. 09 3486. 142 l 28676. 80 

3594. 427 1 27812. 91 3485. 766 I 28679. 89 (°) 

3594. 312 0 27813. 80 3484. 586 2 28689. 60 

3594. 176 1 27814. 85 U 3483. 890 2 28695. 33 U 

3593. 860 0 27817. 30 3482. 446 l 28707. 23 (¢) 

3593. 119 2 27823. 03 3472. 318 On 28790. 96 U, W 

3592. 354 1 27828. 96 3457. 894 1 28911. 05 

3591. 940 0 27832. 17 3455. 726 0 28929. 19 

3591. 174 0 27838. 10 3455. 393 In 28931. 98 

3590. 500 l 27843. 33 3450. 743 1 28970. 96 

3590. 422 0 27843. 93 3448. 606 In 28988. 92 

3590. 204 0 27845. 62 3447. 700 ] 28996, 54 

3589. 876 On 27848. 17 3444. 532 2 29023. 20 

3589. 224 2 27853. 23 3435. 219 On 29101. 88 

3588. 724 0 27857. 11 3434. 182 0 29110. 67 

3588. 284 2 27860. 52 3430. 554 In 29141. 46 

3587. 844 0 27863. 94 3430. 066 On 29145. 60 

3587. 604 0 27865. 80 3429. 179 l 29153. 14 

3587. 527 l 27866. 40 3425. 441 l 29184. 95 

3587. 328 3 27867. 95 3423. 558 ] 29201. 00 

3586. 390 On 27875. 24 3422. 120 2 29213. 27 Z 

3586. 332 0 27875. 69 U 3421. 930 l 29214. 90 

3584. 468 0 27890. 18 3420. 864 ] 29224. 00 

3584. 354 l 27891. 07 3420, 250 On 29229. 25 

3584. 264 ln 27891. 77 3419. 258 In 29237. 73 

3584. 110 1 27892. 97 3416. 840 ] 29258. 42 I 

3583. 921 In 27894. 44 3416. 562 1 29260. 80 

3583. 687 2 27896. 26 Z 3414. 432 0 29279. 05 

3583. 577 l 27897. 12 3412. 418 ] 29296. 33 

3583. 036 0 27901. 33 3412. 134 l 29298. 77 

3582. 970 3n 27901. 84 3409. 742 I 29319. 32 U 

3582. 908 | 27902. 32 3409. 461 0 29321. 74 

3582. 460 2 27905. 81 3408. 474 l 29330. 23 U, W 

3582. 032 In 27909. 15 3402. 743 In 29379. 62 

3581. 951 1] 27909. 78 3398. 945 ln 29412. 45 U 

3580. 402 | 27921. 85 U 3398. 620 l 29415. 26 

3579. 562 | 27928. 41 Z 3398. 374 l 29417. 40 

3577. 490 ln 27944. 58 3395. 692 0 29440. 63 U 

3574. 609 y 27967. 10 3395. 436 0 29442, 85 

3555. 736 l 28115. 54 3393. 053 ln 29463. 53 

3550. 309 0 28158. 52 3390. 218 0 29488. 16 

3550. 189 0 28159. 47 3387. 558 l 29511. 32 

3539. 376 l 28245. 50 3384. 946 On 29534. 09 

3538. 688 l 28250. 99 BK 3384. 392 0 29538. 92 

3525. 622 l 28355. 68 U 3381. 132 l 29567. 40 

3520. 668 0 28395. 58 3380. 756 1 29570. 69 U 

3520. 214 0 28399. 24 3379. 688 l 29580. 04 

3519. 500 l 28405. 00 3379. 409 In 29582. 48 U 

3519. 350 0 28406. 22 U 3377. 971 3 29595. 07 V 

3515. 534 l 28437. 05 3377. 833 0 29596. 28 

3515, 286 1 28439. 06 BK, U, W 3377. 345 On 29600. 56 

3510. 682 2 28476. 35 U 3377. 006 On 29603. 53 

3506. 946 | 28506. 68 $375. 372 z 29617. 86 V 

3506. 092 1 28513. 63 3375. 046 1 29620. 72 U 
| 3501. 375 l 28552. 04 U 3373. 750 0 29632. 10 

3499. 271 l 28569. 2 3373. 300 ] 29636. 05 U 

3499, 154 l 28570. 16 3371. 928 l 29648. 11 

3492. 310 In 28626. 15 3371. 526 2 29651. 64 

3491. 780 0 28630. 50 U 3371. 304 l 29653. 60 U 

3488. 827 2 28654. 73 3371. 200 l 29654. 51 
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TABLE 4.—New Fe 1 lines, unclassified—Continued 











Wavelength Intensity | Wave Number Notes and Wavelength Intensity Wave Number Notes and 
! em”! References A j em! References 
3369. 958 0 29665. 44 3262. 878 l 30638. 96 U 
3368. 800 In 29675. 64 3262. 132 0 30645. 96 
3368. 556 0 29677. 78 3261. 636 0 30650. 62 U 
3368. 435 0 29678. 85 4 3261. 425 0 20652. 60 
3367. 660 l 29685. 68 U 3261. 146 0 30655. 23 
3367. 292 l 29688. 92 U 3260. 880 0 30657. 73 U 
3366. 494 0 29695. 96 3260. 723 0 30659. 20 
3364. 492 0 29713. 63 3260. 624 0 30660. 14 
3359. 608 l 29756. 83 U 3260. 549 0 30660. 84 
3359. 390 l 29758. 76 U 3260. 460 0 30661. 68 Ss 
8. 573 I 29766. 00 9. 708 l 30668. 75 U 
8. 386 2n 29767. 65 58. 092 | 30683. 96 U 
. 320 l 29768. 24 255. 091 0 30712. 25 
8. 044 0 29770. 68 242 On 30758. 35 I 
. 558 | 29774. 99 Z . 844 l 30761. 83 W, Z 
3354. 854 Ln 29798. 99 . 378 In 30842. 18 U 
3354. 512 | 29802. 03 2. 656 l 30925. 39 
3354. 176 l 29805. 02 347 0 30928. 3 U 
3352. 004 l 29824. 33 U 808 On 31019. 88 U 
3351. 854 ] 29825. 66 186 ln 31042. 25 U 
3345, 234 0 29884. 68 3216. 581 On 31079. 93 
3341. 626 0 29916. 95 3216. 343 0 31082. 23 
3341. 507 0 29918. O1 3204. 454 On 31197. 55 U 
3340. 292 0 29928, 90 3203. 677 On 31205. 12 
3340. 184 0 29929. 86 U 3202. 958 ?; 31212. 12 Z 
3332. 840 On 29995, 81 3202. 188 On 31219. 62 l 
3328. 589 0 30034. 12 3200. 908 0 31232. 11 
3328. 470 ln 30035. 19 U 3200. 092 1 31240. 07 U 
3324. 142 0 30074. 30 3198. 492 1 31255. 70 Z 
3323. 454 0 80080. 52 3195. 235 ln 31287. 56 W, Z 
da20. 302 On SOO8L. 45 3192. 521 2 31314. 16 Z 
3316. 838 0 30140. 52 I 3189. 612 0 31342. 71 U 
$011..307 0 30190. 87 3186. 276 0 31375. 53 U 
3311. 200 On 30191. 84 U, W 3184. 215 l 31395. 84 U 
3310. 916 On 30194. 43 U 3181. 142 On 31426. 16 
3309. 660 Ln 30205. 89 U 3170. 978 0 31526. 89 
3309. 283 In 30209. 33 U 3165. 280 0 31583. 64 U 
3305. 572 In 30243. 24 3163. 494 0 31601. 47 
3305. 376 On 30245. O04 3163. 372 0 31602. 69 U 
3305. 258 On 30246. 12 3158. 193 0 31654. 51 Z 
3303. 918 () 30258. 38 3157. 293 l 31663. 54 I 
3303. 046 Ln 30266. 37 3146. 915 0 31767. 95 U 
3301. 350 On 30281. 92 3146. 270 I 31774. 46 U 
$297. 728 On 30315. 18 3145. 431 ] 31782. 94 
3297. 414 0 30318. 06 3139. 485 ] 31843. 13 U 
3295. 897 0 30332. 02 3137. 238 0 31865. 94 U 
3295. 316 0 30337. 37 | 3133. 732 l 31901. 59 Us 
3294. 963 On 30340. 62 W 3133. 440 0 31904. 56 U 
3294. 829 0 30341. 85 3132. 660 ! 31912. 50 Z 
3294, 621 On 30343. 77 U 3130. 972 0 31929. 71 U 
3294. 267 0 30347. 03 U 3129. 800 0 31941. 66 U 
3287. 483 ln 30409. 65 U 3125. 390 0 31986. 73 
3284. 202 0 30440. 03 3119. 864 On 32043. 39 
3282. 440 l 30456. 37 Z 3115. 954 0 32083. 60 
3270. 620 | 30566. 43 3109. 614 ln 32149. 01 Z 
3270. 312 On 30569. 3 3107. 322 ln 3217s: ta Z 
3268. 885 l 3053. 781 On $2736. 77 BK 
3263. 989 0 q 3049. 564 In 32782. 04 BK, U 
3263. 805 0 30630. 25 3049. 356 In 32784. 27 BK, W, Z 
3263. 062 l 30637. 23 Z 3038. 334 On 32903. 20 BK, U 
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TaBLE 4.—New Fe 1 lines, unclassified—Continued 








Wavelength 
A 








3012. 
3010. 
2995. 
2985. 
2979. 


2975. 
2971. 
2963. 
2962. 
2956. 


2955. 
2954. 
2945. 
2934. 
2933. 


2930. 
2915. 
2896. 
2880. 
2877. 


2877. 
2862. 
2841. 
2830. 
2829. 


2829. 
2808. 
2801. 
2785. 
2783. 


2775 


2765. 


942 
198 
256 
750 
867 


298 
776 
518 
585 
377 


619 
957 
702 
598 
051 


395 
658 
772 
398 
724 


582 
OSO 
260 
090 
485 


312 
665 
922 
002 
845 


. SIS 


254 


2764. 128 
762. 939 
58. 093 


73. 552 


. 5d58 
. $25 
. 883 
. 265 
. 892 


. 503 
. 510 
. 798 
2. 622 
35. 140 
. 536 
)». 162 
. 625 


> 


72. 831 


8. 9O4 


8. 724 


0. 814 


4. 184 


13. 169 


58. 699 
58. 111 
56. 337 
52. 212 


. 914 


| 


, . | 
Intensity | Wave Number | 


On 





T 
Notes and Wavelength 
em! References A 

33180.48 | BK 2642. 403 
33210. 73 BKe 2618. 850 
33376. 40 BK, W, Z 2610. 464 
33482. 65 BK, Z 2609. 600 
33548. 75 BK, W, Z 2597. 443 


33600. 27 
33640. 09 
33733. 83 
33744. 45 
33815. 36 


33823. 98 
33831. 55 
33937. 84 
34066. 25 
34084. 22 


34115. 11 
34287. 54 
34511. 07 
34707. 24 
34739. 49 





35679. 27 
35896. 03 
35910. 94 


36014. 79 
36152. 36 
36167. 09 
36182. 65 
36246, 22 
‘ 
36253. 26 
36335. 38 
36593. 96 
36615. 64 
36701. 30 


36814. 68 
36841. 72 
36960. 38 
36990. 13 
37230. 95 


37239. 33 
37355. 84 
37377. 31 
37392. 31 
37402. 40 


37457. 43 
37459. 95 
37500. 84 
37523. 78 
37538. 08 


37601. 19 
37609. 51 
37634. 63 
37693. 16 
37740. 08 


BK, W, Z 2568. 584 
BK, U 2563. 990 
BK, U 2561. 068 
BK, U 2559. O80 
BK, W, Z 2558. 118 
BK, U 2557. 982 
BK 2557. 792 
BK, U 2557. 020 
BK, U 2554. 218 
BK 2532. 269 
BK, U 2531. 449 
BK 2527. 262 
BK 2524. 603 
2513. 246 

BK, U, W 2502. 503 


BK: 2494. 797 


BK, W 2492. 236 
BK, U 2485. 435 
BK, W, Z 2485. 206 
BK, U 2480. 732 
BK 2478. 300 
BK 2477. 304 
BK, U, W 2476. 464 
BK, U, Ws 2475. 758 
BK, Us 2475. 466 
BK, U 2475. O18 
BK, U 2467. 953 
BK, U 2467. 573 
BK, Z? 2466. 348 
Bk« 2466. 093 
BK 2464. 349 
(°) 2462. 963 
BK: 2456. 147 
BK, Us 2454. 399 
BK, U 2452. 965 
BK 2451. 697 
BK, U, W: 2448. 826 
BK, U 2440. 335 
BK 2436. 072 
BK, U 2419. 236 
BK 2413. 764 
BK 2411. 738 
Bk, U, W 2405. 302 
BK 2403. 542 
BK, U, W 2402. 938 
BK 2402. 109 
BK, I 2398. 726 

BK, U 2396. 102 


BK 2395. 186 


BK, U 2394. 303 
BK, U 2388. 090 
BK 2385. 386 
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Intensity 


Wave Number Notes and 


em~! References 
37833. 07 (c) 
38173. 31 BK 
38295. 93 BK, U 
38308. 61 BK 
38487. 90 BK, U 
38571. 96 BK, U 
38721. 77 BK, U 
38909. 12 BK, Z: 
38920. 29 BK, U 
38990. 02 BK, U 
39034. 51 
39064. 83 BK, l 
39079. 52 Bk, t 
39081. 60 Bk, U 
39084. 50 BK, U 
39096. 30 BK 
39139. 18 BK, U 
39478. 41 BK, U, W 
39491. 20 BK, W, Za 
39556. 62 ; Bk 
39598. 28 BK 


39777. 20 


39947. 95 BK, U 
10071. 34 Bk, U 
10112. 51 BK 
10222. 26 BK, W 
$0225. 97 BK 
10298. 51 BK 
10338. 06 BK 
10354. 27 BK 
10367. 96 BK, | 
10379. 47 BK 
10384. 23 BK 
10391. 54 BK, I 
10507. 16 Bk, [ 
10513. 40 Aa ie 
10533. 52 pie 
10537. 71 Bk, U 
10566. 40 Bk, U 
10589. 23 Bk, | 
10701. 86 Bk, U 
10730. 84 BK, U 
10754. 65 BK 
10775. 73 Bk, W 
10823. 53 Bk, U 
10965. 56 BK, | 
11037. 24 BK, U 
$1322. 81 BK, U 
$1416. 48 BK, I 
$1451. 27 BK 
11562. 18 BK, U 
$1592. 61 Bk, U 
11603. 06 BK, I 
$1617. 42 (°) 
11676. 11 BK 
41721. 74 BK, Us 
11737. 70 Bk, U 
41753. 09 BK 
i1861. 71 BK 
11909. 16 BK, U 


al o* a8 ae Ae 


ern 


TABLE 4.—New Fe 1 lines, unclassified—Conceluded 


Wavelength Intensity | Wave Number Notes and 
A 





Wavelength Intensity | Wave Number Notes and 
A em"! References em~! References 
2383. 790 ln 41937. 22 BK, U 2300. 242 3 43460. 30 BK 
2376. 276 0 $2069. 81 BK 2274. 288 ] 43956. 22 BK 
2375. 990 0 $2074. 88 BK 2223. 747 I 44955. 16 BK 
2360. 755 2 $2346. 38 BK, U 2213. 828 3 45156. 56 U 
2358. 622 4 $2384. 68 BK 2208. 280 0 15270. CO BK, U 
2341. 373 l $2696. 90 BK, U 2206. 444 l 15307. 66 BK, U 
2335. 246 l $2808. 91 BK, U 2200. 494 3 15430. 16 BK, U 
2333. 024 I $2849. 68 BK 2200. 084 I 45438. 62 U 
2329. 093 0 $2922. 00 BK 2189. 514 l 45657. 96 BK, U 
2326. 047 0 $2978. 20 BK, U 2186. 760 2 45715. 45 BK 
2324. 970 0 12998. 11 BK, U 2176. 670 3 45927. 35 BK, U 
2324. 260 0 13011. 24 BK 2176. 216 1 45936. 93 BK, U 
2323. 416 l 13026. 86 BK, U 2175. 825 3 15945. 18 BK, X 
2323. 286 0 13029. 27 BK, U 2173. 451 l 15995. 36 BK 
2322. 684 0 $3040. 42 BK« 2172. 658 3n 16012. 15 BK 
2321. 583 0 13060. 83 BK, U 2172. 037 l 16025. 30 BK 
2321. 220 0 13067. 57 Bk, Us 2156. 432 2 16358. 32 a, 24 
2321. 029 0 13071. 11 BK 2151. 005 2 46475. 28 BK 
2319. 680 ln 13096. 16 BK, U 2146. 806 3 16566. 17 BK, U 
2319. 441 0 13100. 60 BK 2146. 458 l 46573. 72 BK 
2316. 290 0 13159. 22 BK 2143. 369 2 16640. 83 BK, U 
2314. 337 0 13195. 64 BK 2142. 820 l 16652. 78 BK, U 
2313. 650 | $3208. 47 BK, U 2142. 575 l 46658. 11 BK, U 
2310. 732 0 13263. 02 BK, Us 2135. 300 On 16817. 06 BK 
2304. 544 l 13378. 99 BK, U 2132. 526 On 16877. 95 Bk, U 
2124. 948 2n 47045. 11 BK, U 
2121. 864 ln $7113. 48 BK, U 
TABLE 5.—F aint lines of Fe 1 in the solar spectrum 
Laboratory Sun Laboratory Sun 
Wave- (Inten- Wave- Inten- |¢ Lab. Solar Wave- Inten-| Wave- Inten- |Q—Lab. Solar 
length sity length sity A Identifi- length sity length sity A Identifi- 
A A AX/X cation ! AX/X eation 
8126. 52( l 8126. 48 0.6 0. 04 Fe 1?- 5173. 498) 3 5173. 487 0.9 | —0O. O11 Fe 1 
8090. 341 I 8090. 464 3. ¢ +-(, 123) Atm Fe 1? 5149. 492 l 5149. 520 a +0, 028) Fe 1-Fe 1 
7714. 603; O 7714. 59 i. 0. O1 Fe 1? 5147. 107; 2 5147. 103 5.0 | —0. 004; Fe 1-Fe 1 
7588. 834) O 7588. 846 i 3 0. O15 Fe 1? 5140. 826) 3 5140. 823 $1 —(. 0038 Fe I 
7438. 336) 1 7438. 38 0; 2 +O. O4 Fe 1? 5097. 498 3 5097. 492 7.4 0. 006 Fe I 
7214. 630! 1 7214. 60 0 3 0. 03 | Atm? Fe 1? 5031. 180) 1 5031. 182 22 LQ), 002 Fe 1? 
7192. 458) In 7192. 465 1. 4 + (), 007) Fe 1-| Atm 5025. 306) 3 5025. 305 3.6 | —O0. 001 Fe I 
7092. 866) In 7092. 848 1.1 0. O18 Fel 5013. 914) 3 5013. 92¢ 14) +0. 006 Fe 1 
6692. 280 1 6692. 304 03 +-(), 024 Fe 1? 5007. 710) 3 5007. 73 6. 6 t-(, 024 Fe 1? 
5899. 094 2 5899. 106 0. 1 +-(), O12 Fe 1 4992. 502) 1 4992. 48( 0.9 | —0. 022 Fe 1? 
5699. 308) 2 5699. 322 2 +0. O14 Fe 1 4980. 278) 3 1980. 296 zs -(. O18 Fe I 
5644. 033 ; 5644. 037 2. 5 -Q. 004 Fe I 1974. 246) O 1974, 247 1. 6 +0. OO] Fe I 
5625. 704) 3 5625. 687 5. 2 0. 017 —Fe 1 1961. 040) 3 1961. 054 3. 4 + (). O14 Fe I 
5589. 852) 2n 5589. 861 2.9 +O. OOS Fe 1 1944. 306) 3 1944, 287 2.0 | —0. 019 Fe I 
9458. 572) 2 5458. 58 ‘2% +-Q. O1 Fe 1 1902. 368 ] $902. 384 LF +0. 016 Fer 
5350. 798) 1 5350. 789 0. 7 0. 009 Fe 1 1900. 816) 2 1900. 821 2. 4 LQ. 005 Fe 1 
5350. 434, 0 5350. 454 0.2 LQ. 020 Fe 1? 4861. 947) 3 1861. 952 4 +O. 005 Fer 
5308. 228) 0O 5308. 212 0. 1 0. O16 Fe 1? 1833. 817) 1 $833. 816 te | + Q. 002 Fe I 
5303. 874 In 53038. 845 3 0. 029 Fe 1? 1825. 357) 3 4825. 349 6. 2 0. 0O8 Fe 1 
5181. 335} 3 5181. 33¢ af 0. 005 Fe 1? 1§21. 572; 2 1821. 601 0.8 t-(), 029 Fer 
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TaBLE 5.—Faint lines of Fe 1 in the solar spectrum— Continued 











Laboratory Sun Laboratory Sun 

Wave- (Inten-| Wave- Inten- |Q—Lab. Solar Wave- Inten-| Wave- Inten- |Q—Lab. Solar 
length sity length sity | A Identifi- length sity length sity A Identifi- 

A A i) cation A A AX cation 

| | | 

4818. 038) 1 | 4818. 032 a9 | 0. 006 Fe 1 4229. 406 l $229. 408 i..% LQ, O02 Fe 1 
4814. 365) 2 | 4814. 369 2.7 | +0. 004 Fe 1 4223. 221 l $223. 236 5. 2 t-Q, O15 Fe 1 
4805. 529) On 4805. 55 0.8 | +0. 02 Fe 1? $219. O18; 1 $219. 016 0. 4 0. 002 Fe I 
4768. 697) 3 | 4768. 700 5.2 | +0. 003 Fe 1 $199. 557) In 1199. 524 0.8 0. 033 Fe 1 
4756. 356) 1 4756. 366 2:3 +0. 010 Fe I 4$197.512) O 1197. 508 0.6 0. 004 Fe 1 
1728. 160! 1 4728. 167 3. 8 tL (). OO7 Fe I 4194. 099) 1 $194. O89 0.5 0. 010 Fe. 
4716. 483) O 4716. 508 0. 4 -Q. 025 Fe 1? 1193. 600, 1 1193. 621 Te LQ, O21 Fe 1 
4712.515) 1 4712. 497 2.8 0. O18 Fe 1 $192. 37 In $192. 400 2.4 0. 026 CN Fe1 
4686. 641) 0 4686. 630 0.3 0. O11 Fe 1? 1188. 729) 2n $188. 737 28. 6 0. 008 Fe 
4686. 348) On 4686. 370 i. 1 +-(, 022 Fe 1? $188. 300) In $188. 315 3.8 0.015) Fer CN? 
4674. 297; 2 4674. 303 p Age -(Q. 006 Fe I 1185. 793) 3 4185. 779 Ls 0. 014 Fer 
4660. 92 In 4669. 907 4. 1 0. 013 Fe 1? 1179. 689) 1 $179. 674 0. 6 0. O15 Fe 1 
4640. 958, 1 4640. 973 ie LQ, O15 Fe 1? $174. 208) On 1174. 183 0.5 0. 025 Fe 1 
4627. 53: v4 4627. 549 2.6 0. O17 Fel 1160. 333) In 1160. 368 15.4 LQ. 035 Fel 
4605. 6 2n 4605. 594 8. 6 0. O16 Fe I $158. 366 1 $158. 376 6. 0 LQ, O10 Fe 1 
4597. 403) 2 4597. 383 5. 0 0. 020 Fe 1 $156. 322) In $156. 307 20. 4 0. O15 Fe 1 
4591. 502; 2n 1591. 520 oe LQ, O18 Fe 1 $155. 914 ] $155. 915 8. 4 t-(). OO1 Fel 
4590. 815) 2n 1590. 793 5. 4 0. 022 Fe 1 1148. 794) In 1148. 783 18 0.011, Fer Mn 
4585. 337) 1 4585. 343 3.0 +0. 006 Fe 1 1139. 718) 1 4139. 732 0.8 + Q. O14 Fe 1 
4582. 297 In $582. 309 +Q. 012 Fe I $137. 642 l $137. 655 8.0 1 (), 013) Ce Fer 
4581. 186) 1 1581. 196 1.8 LQ. 010 Fe I 1135. 039) In $135. 037 9. 2 0.002) Fer Mni 
1561. 426) 2 4561. 417 6. 1 0. 009 Fe 1 $131. 146 In $131. 117 11.9 0. 029) Mni Fet 
4560. 892 1560. 869 ae 0. 023 Fe 1? $124. 490; 1 $124. 489 7.5 0. 001 Fe I 
4557. 287| 2 $557. 284 a7 0. 003 Fe 1 $124, 332) On $124. 358 0.5 -(Q. 026 Fe 1? 
4541.319) 2 4541. 318 ef 0. 001) Fe 1 $110. 310, 1 4110. 299 2:2 0.011) Can—Fe1 
4533. 078) 2n 4533. 046 7.5 0. 032 Fe 1? 1096. 695, 1 1096. 696 9.0 0. 001 Fe 1 
4517. 136 1 $517. 154 6.6 +0. O18 Fe 1? $095. 346) 1 1095. 356 19 0. O10 Fe 1 
4507. 232 ] 4507. 227 1. 4 0. 005 Fe 1 $094. 422 l $094, 422 12. 0 0. OOO Fe I 
4500. 652) In 4500. 639 2.9 0. 013 Fe 1 1081. 264 1 1081. 262 iz. 2 0. 002 Fe 1 
4480. 731; In 4480. 704 1. 0 0. 027 Fe 1? 4072. 332) O 1072. 351 3.4 LQ. 019 Fe 1 
$478. 649) In 1478. 626 7 Jef 0. 023 Fe 1 1070. 010; O 1070. 036 ES j +0. 026 Fe 1 
1445. 050) 0 4445. 065 0. 4 LQ. O15 Fe 1? 41069. 610) 1 1069. 610 8.4 0. 000 Fe 1 
4437. 695) 1 4437. 699 rae | LQ. 004 Fe 1 1068. 898° 0 1068. 90 0. 2 0. 00 Fe 1 
4424. 608) 1 4424. 586 5.9 | 0. 022 Fe I 1054. 454) 1 1054. 442 6.9 0. 012 Fe 1 
4424. 061 ] 4424. O72 5.4 | +0.011) Fer—Cr1 1037. 136 In 1037. 121 10. 9 0. O15 Fer 
1420, 266) 2n 4420. 287 7.7 | +0. 021 Fer 1036. 552; On 1036. 567 2 Ag LQ, O15 Fe I 
4419. 076) 2n 4419. 104 ‘Ag 10,028) Cri Fes 4033. 645 i 4033. 660 om +-(), O12 Fel 
4416. 137) 0 4416. 160 1.5 +0. 023 Fe 1? $026. 770) 1 $026. 771 2.4 LQ. OO1 Fer 
4412. 146) 1 4412. 138 3 ~(0. 0O8 Fer 1022. 564 0 $022. 536 1.) 0. 028 Fe 1? 
4411. 914 2n 4411. 935 12. 0 +0. 021) |Ti1i Fe 1? $022. 212 In $022. 226 10. 4 +0. 014 Fel 
4378. 486) 2 4378. 512 Sf 0, 026 Fer 4012. 628) In 1012. 602 6. 2 0. 026| Ni1?—Fe1 
4372. 558 1 4372. 588 1. 4 +0. 030 Fe I 4010. 618 l 4010. 588 16. 7 0. 030 Fel 
4344. 928} 1 4344. 891 8. 0 0. 037 — Fe 1? 4010. 522) 1 1010. 492 2.7 | —0. 030 Fe 1? 
4341. 802) On 4341. 826 2.8 +0. 024 Fe i 1009. 388) 1 1009. 420 0.9 LQ, 032 Fe 1 
4336. 122 1 4336. 135 0. 1 +0. 013 Fe I 41009. 240 In 4009. 255 a LQ, O15 Fe I 
4335. 773} 0 4335. 783 1.3 +0, 010 Fe 1? 4003. 287, In 1003. 275 2. D 0. 012) Mn i-Fer 
4334. 928 ln 4334. 938 3. 2 +0, 010 Fe 1? 4001. 212 1N 4001. 241 1. 0 -Q, 029 Fel 
4332. 432 1 4332. 453 1.8 +0, 021 Fe I 3996. 540 1 3996. 546 2. 6 +0. 006 Fe I 
4331. 411) In | 4331. 442 4.4 | +0. 031 Fe I 3996. 139) 1 | 3996. 117 1. O 0. 022 Fe 1? 
4288. 297 l | 4288. 268 3 — 0. 029 Fe 1? 3993. 642 1 3993. 612 av 0. 030 Fel 
4276. 082) 1 | 4276. 103 4.7 LQ, 021) CH Fer 3989. 006) IN | 3988. 992 18.8 0. 014 —Fel 
4272. 528 l 4272. 544 10.5 | +0. 016 Fe 1 3983. 518 In 3983. 540 10. 3 +-Q, 022 Fel 
4269. 730) In 4269. 740 17.8 | +0. 010 Fer 3980. 008; 1 3980. 012 6.8 +-0. 004 Fel 
4269. 053) 2 4269. 034 3. 5 —0. 019 Fe I 3970. 863 1 3970. 843 3. 3 0. 020 Fe 1? 
4243. 560i 2 | 4243. 547 3.74 0. 013 Fe 1 3963. 438: 1 3963. 437 12. 1 0. 001 Fel 
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Faint lines of Fe 1 in the solar spectrum 
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TaBLE 5.—Faint lines of Fe 1 in the solar spectrum—Continued 











Laboratory Sun 

Wave- (|Inten-| Wave- | Inten- i laity Solar 
length sity length sity A ‘| ITdentifi- 

A A AX/d cation 
3538. 688| 1 3538. 690 - ae +0. 002 Fe 1 
3530. 976) 1 3530. 965 2 —0. O11 Fe 1 
3528. 316) 0 3528. 324 3.8 | +0. 008) Fe 1? 
3525. 622) 1 3525. 618 12.6 | —0. 004 Fe 1 
3519. 500) 1 3519. 505 ee +0. 005 Fe I 
3515. 534) 1 3515. 535 7.7 +0. 001 Fe I 
3510. 682; 2 3510. 685 15.0 | +0. 003 Fe I 
3506. 946 1 3506. 938 4.4 —0. 008 Fe 1 
3500. 164) 2 3500. 157 iz 3 — 0. 007 Fe 1 
3499. 271) 1 | 3499. 269 6.6 | —0.002| Fer 
3498. 755) 2 | 3498. 749 13.4 | —0. 006) Fe 1 
3488. 827; 2 | 3488. 826 19.5 | —0. 001 Fe 1 
3487. 138) 0O | 3487. 150 3.7 | +0. 012 Fe 1? 
3486. 142 3486. 143 10.3 | +0. 001) Fel 
3483. 890) 2 3483. 884 13.4 | —0. 006| Fe. 
3482. 446 1 3482. 451 10.6 | +0.005) Fer Feu 
3472. 318) On | 3472. 307 16.4 | —0. 011 —Fe 1 
3457. 894) 1 3457. 894 7.5 | 0.000 Fe 1 
3450. 743 l 3450. 747 2. 0 4+-0.004| Fer Tit 
3448. 606 In | 3448. 592 6. 7 0. 014 Ne] 
3444, 532) 2 3444. 518 is. 2 0. 014 Fe 1 
3435. 2191 On | 3435. 246 1.0 | +0. 027 Fe 1? 
3430. 066) On 3430. 083 0.6 | +0. 017 Fe 1? 
3429. 179 l 3429. 148 ae} 0..031 Fe 1? 
3425. 441 l 3425. 446 7 +0. 005| Fer Nbu 
3423. 558] 1 3423. 534 32 0. 024) NH—Fe 1? 
3422. 120) 2 3422. 127 13.1 | +0. 007 Fe 1 
3421. 930) 1 3421. 900 0. 6 0. 030 Fe 1 
3420. 250) On 3420. 228 2.9 0. 022 Fe 1? 
3418. 905 1 3418. 881 16.1 | —0. 024 Fe 1 
3416. 840 1 3410. 869 6.1 | +0.029) NH Fer 
3414. 432) 0 3414. 403 4.7 | —0. 029 Fe 1? 
3408. 474, 1 3408. 505 6.5 | +0. 031 Fe 1 
3401. 007 1 3400. 987 i222 | —G, 020 Fe 1 
3400. 662) 1 3400. 645 10.3 | —0. 017 Fe t 
3398. 620) 1 | 3398. 612 11.8 | —0.008; Fer!Tii 
3384. 946) On | 3384. 925 3.5 -0. 021 Fe 1 
3384. 392) 0 | 3384. 425 5.0 | +0. 033 Fe 1? 
3381. 990 In 3381. 993 11.2 | +0. 003 Fe 1 
3381. 498) In 3381. 495 0.9 | —0. 003) Co1 Fe1 
3381. 132} 1 | 3381. 132 16. 1 0. 000 Fe 1 
3380. 756) 1 | 3380. 752 30.9 | —0. 004)! Sr 1m—-Fe 1 
3379. 688 1 | 3379. 706 0.9 | +0. 018 Fe 1 
3377.971| 3 | 3377. 977 23. 1 -0, 006 Fe 1 
3377. 345, On | 3377. 361 1.8 | +0.016) Fer—vV:i 
3375. 724) 1 3375. 730 6.8 | +0. 006 Fe 1 
3373. 300! 1 3373. 316 17.1 | +0. 016 Fer 
3371. 304) 1 3371. 295 18.1 | —0. 009 Fe 1 
3368. 800' In | 3368. 821 16.5 | +0. 021 Fe 1 
3367. 666 l 3367. 677 7:2 +0.017; NH Fe1 
3367. 292 ] 3367. 296 8.9 | +0. 007 Fel 
3364. 402) 1 3364. 406 10.1 | —0.002) Fer NH 
3357. 558) 1 | 3357. 569 11.6 | +0.011 Fe 1 
3354. 512 1 3354. 537 Y | +0. 025) Fe1? Ti? 
3340. 184, 0 3340. 178 3.7 | —0. 006 Fe 1 
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TaBLeE 5.—Faint Lines of Fe I in the solar spectrum—Concluded 


Laboratory Sun : Laboratory Sun 
6 Wave- (Inten-| Wave- Inten- |- _ Solar Wave- Inten-| Wave- | Inten- |, Lak Solar 
| i length sity length sity \- Indentifi- length sity length sity n 4 “ Identifi- 
, A A Ad/Xd ‘ cation A A AX/d : cation 
NH 3107. 322} In 3107. 322 {O| 0. 000 Fe 1 2985. 750) 0 2985. 73 {1] 0. 02 Fe 1 
3098. 963) 1 3098. 968) [—1] +- 0. O05 Fe 1 2979. 867) 0 2979. 88 {1] +0. O1 Fe I 
3087. 420) In 3087. 453 {O| 0.033) Fer OH 2978. 060) I 2978. 055 [3] 0. 005 Fe 1 
3081. 278) 1 3081. 247 [2] 0.031) OH Fer 2975. 298!) 0O 2975. 278 [3] 0. 020 Fe I 
3049. 564) In 3049. 546 [2] 0. O18 Fe 1 2971. 776) 0 2971. 77 [1] 0. 01 Fe 1 
- 3049. 356) In | 3049. 349 [3] 0. 007 Fer 2963. 518) On | 2963. 52 [3N] 0.00 | Fe 1? |Cru 
$038. 334) On 3038. 312 [3] 0. 022 Fe 1 2962. 585 ln 2962. 59 {[—1] 0. 00 Fe I 
3012. 942 In 3012. 937 [3] 0. O05 Fe 1 2958. 462 I 2958. 45 [ON] 0. O1 Fe I 
3011. 883) 2 3011. 88 [ON] 0. 0O Fe 1 2947. 116) O 2947.04 | [—1] 0.08 | W1i—Fe1? 
2995. 256) 0 2995. 260 [3] +0. OO4 Fe 1 2946. 095) 1 2946. 08 | [—1] +0. O2 Fe 1 
2945. 702) 1 2945. 65 | [—1] 0. 05 Fe I 
(Paper 65A1-80) 
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Infrared Absorption Spectra of Some 1-Acetamido Pyranoid 
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The infrared absorption spectra of five N-glycopyranosylacetamides and of six acetate 
esters thereof are presented, together with the spectra of five related compounds, for the 


range of 5000 to 250 em~!. 
group-frequencies. 


For comparison, the spectra of eight reducing, pyranose acetates are also given. 
of changing the anomeric group from hydroxy! to (a) acetamido 
other) hydroxy] groups are acetylated, is pointed out. 


general effect (on the spectra 
and (b) methoxyl, when all 


1. Scope and Purpose of the Project 


The main object of the present project was to 
record the infrared absorption spectra of the N- 
acetyl derivatives of a variety of glycopyranosyl- 
amines and their acetate esters, so that assignments 
of group frequencies could be made. 

The spectra of five N-glycopyranosylacetamides 
and of six acetate esters thereof have been recorded, 
and the spectra of five related compounds have been 
examined. For comparison, the spectra of eight 
reducing, pyranose acetates are also presented. 


2. Compounds Investigated 


Table 1 gives a list of the compounds, their code 
numbers [1],! and an index to the spectrograms; the 
serial number of a compound is the same as the 
number of its spectrogram. 

The spectra were measured in the region of 5000 
to 667 em! (sodium chloride optics) and in the 
region of 667 to 250 em~! (cesium bromide optics). 
The spectrograms are given together with a discus- 
sion of (a) the structure of the compounds and (b) 
some of the outstanding features of their spectra. 

The first 16 compounds listed in table 1 all have 
an acetamido group attached to carbon atom 1. 
Fourteen of them have the pyranoid ring, but two 
of these amides (compounds 15 and 16) are open- 
chain derivatives of an alditol and, presumably, 
have a modified form of the planar, zigzag conforma- 
tion. Eight of these compounds have hydroxyl 
groups, and eight are acetate esters; two of the 
amides (compounds 3 and 13) are hydrates. Com- 
pounds 17 to 24 have a hydroxyl group attached to the 
anomeric carbon atom, and all of them are acetate 
esters of pyranoid sugars. 

The seven pyranoid l-acetamido compounds 
having free hydroxyl groups differ in regard to one or 


1 Figures in brackets indicate the literature references at the end of this paper. 
The references for table 1 are given at the end of the table 
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Analysis of the spectra permitted assignment of characteristic 
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TABLE 1. Compounds measured and index to spectrograms 
Code Compound Refer 
ence 
A. N-GLYCOPYRANOSYLACETAMIDES 
1. Unsubstituted 
10.11?82 N-Acetyl-8-D-xylopyranosylamine 1 
10.21?82 N-Acety]-8-p-glucopyranosylamine 1 
10.22?8299 N-Acetyl-8-D-mannopyranosylamine, monohy ] 
drate 
10.13?82 N-Acetyl-a-L-arabinopyranosylamine 2 
10.23?82 N-Acetyl-8-D-galactopyranosylamine 3 
2. Acetate esters 
12.11?82 N-Acety1-2,3,4-tri-O-acetyl-8-b-xylosylamine l 
12.21782 N- Acety]-2,3,4,6-tetra-O-acetyl- B-p-glucosyl- l 
imine 
12.22?82 N-Acetyl-2,3,4,6-tetra-O-acet yl-8-D-mannosyl- 1 
mine 
12.13?82 N-Acetyl-2,3,4-tri-O-acetyl-a@-L-arabinosylamine 2 
12.23°82 N-Acety!-2,3,4,6-tetra-O-acet yl-a-D-galactosy] 3 
imine 
12.23?82 N-Acetyl-2,3,4,6-tetra-O-acetyl-8-D-galactosyl 3 
imine 


B. N 


10.22?827 


GLYCOPYRANOSYLURONAMIDE 


1-Acetamido-1-deoxy-?-D-mannopyranuronamide 4 


10,23?827499 | 1-Acetamido-1-deoxy-?-D-galactopyranurona 5 
mide pentahydrate 
12.22?8274 1-Acetamido-2,3,4-tri-O-acetyl-1-deoxy-?-pD- 4 


mannuronamide 


C. 1,1-BIS(ACETAMIDO)-1-DEOXYALDITOLS 


10.13782 1,1-Bis(acetamido)-1-deoxy-L-arabinitol 6 
12.1375282 1,1- Bis(acetamido) -2,3,4,5-tetra-O-acetyl-1-de- (a) 


oxy-L-arabinitol 


D. REDUCING, PYRANOSE ACETATES 





Tri-O-acetyl-a-D-xylopyranose 


2,3,4 7 

1,3 4,5-Tetra-O-acetyl-a-L-rylo-hexulopyranose 8 

2,3,4,6-Tetra-O-acetyl-8-D-glucopyranose 9 

1,3,4,5,7-Penta-O-acetyl-a-D-gluco-heptulopyra- 10 
nose 

2,3,4,6-Tetra-O-acetyl-a-D-mannopyranose 11 

1,3,4,5- Tetra- O-acetyl- 8-D-arabino-hexulopyra 12 
nose 

2,3,4,6-Tetra-O-acetyl-8-D-galactopyranose : 

2,3,4,6-Tetra-O-acetyl-a-D-talopyranose 14 





® Prepared by 


R. C. Hockett, V. Deulofeu, A. 


60, 278 (1938 


ACETAMIDES 


16 


wetylating compound 15; the enantiomorph was described by 
L. Sedoff, and J. R. Mendive, J. Am. Chem. Soe, 
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more of the following structural features: (a) The 
a or 8 anomeric configuration at carbon atom 1; 
(b) the configurations of the other carbon atoms of 
the pyranoid ring (including C5 in the hexopyranosy! 
derivatives and hexuronamides); and (c) the nature 
of the substituent, if any, at C5. Similar distinctions 
apply to their acetate esters and to the reducing, 
acetylated pyranoses,. 


3. Classification of the 1-Acetamido Deriva- 
tives Into Structurally and Configura- 
tionally Related Groups 


The 16 compounds (1 to 16) were divided into two 
structural groups, according to whether they did or 
did not have a pyranoid ring. 

The pyranoid compounds were divided into three 
groups; the members of each group have like con- 
figurational features. 





3.1. N-Glycopyranosylacetamides of the xylo 
Configuration 

The members of this group have the following 

general formula (1). 


R’ 
° i?) 
" 
NH-C-CHy 
RO oR 
oR 


Compounds 1, 2, 6, and 7 have the above general 
formula, with the following substituents. 
1. N-Acetyl-6-p-xylopyranosylamine, R=H; R’=H. 
N-Acetyl-8-p-glucopyranosylamine, R=H; R’ 
CH,OH. 
N-Acetyl-2,3,4-tri-O-acetyl-8-p-xylosylamine, R 
Ac; R’=H. 
N-Acetyl-2,3,4,6-tetra-O-acetyl-6-p-glucosyl- 
amine, R=Ac; R’=CH,OdAc. 


2. 
6. 
¢. 


3.2. N-Glycopyranosylacetamides of the lyxo 
Configuration 


The members of this group have the following 
general formula (II). 

Compounds 3, 12, 8, and 14 have this general 
formula, with the following substituents. 
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3. \-Acetyl-8-p-mannopyranosylamine, monohy- 
drate, R=H; R’=CH,OH. 

12. 1-Acetamido-1-deoxy -?-p- mannopyranuron - 
amide, R=H; R’=CONH,, and the disposition 
at Cl may be the opposite of that depicted. 

8. N-Acetyl-2,3,4,6-tetra-O-acetyl-6-p-mannosyl- 


amine, R=Ac; R’=CH.OdAc. 

14. 1-Acetamido-2,3,4-tri-O-acetyl-l-deox y-?-p- 
mannuronamide, R=Ac; R’=CONH,, and 
the disposition at Cl may be the opposite of 
that depicted. 





3.3. N-Glycopyranosylacetomides of the arabino 
Configuration 


The members of this group have the following 
general formula (III). 





Compounds 10 and, possibly, 13 have the above 
general formula, with the following substituents. 
10. \-Acetyl-2,3,4,6-tetra-O-acet yl-a-p-galactosyl- 

amine, R=Ac; R’=CH.OdAce. 
13. 1-Acetamido-1-deox y-a(?)-p-galactopyranuron- 
amide pentahydrate, R=H; R’=CONH). 

Compounds 4, 5, 9, and 11 (and, possibly, 13) 
have formula IV, with the substituents indicated. 


RO J \ : \ 
rm , 
4, N-Acetyl-a-L-arabinopyranosylamine, R=H; 
R’ ; 
5. N-Acetyl-8-p-galactopyranosylamine, R=H; 
R’=CH,OH. 
9. N-Acetyl-2,3,4-tri-O-acetyl-a-L-arabinosylamine, 


BR=Ac; 8’ =H. 


11. N-Acetyl-2,3,4,6-tetra-O-acetyl-8-p-galactosyl- 
amine, R=Ac; R’=CH,OdAc. 
13. 1-Acetamido-1-deoxy-8(?)-p-galactopyranuron- 


amide pentahydrate, R=H; R’=CONH),. 
3.4. 1,1-Bis(acetamido)-1-deoxypentitol 


Derivatives 


Compounds 15 and 16 have the general formula V 
with the following substituents. 


15. 
16. 


Ji 
of tl 


forn 


24) 
Thre 
deri\ 


4.1. 


Th 


zene! 


Col 
1ula, 


1-2 
8. 1. 





iV- 


n- 
on 


-D- 
nd 
of 


no 


Ing 


ve 
svl- 
On- 


13) 


-NH—COCH; 


H 
CH,;,CO—N H—C 


HCOR 
ROCH 
ROCH 
HCH 
OR 
y 
15. 1,1-Bis(acetamido)-1-deoxy-t-arabinitol, R= H. 
16. 1,1-Bis(acetamido) -2 ,3,4,5-tetra-O-acetyl-1- 
deoxy-L-arabinitol, R= Ac. 
These compounds probably adopt a modified form 


of the planar, zigzag conformation depicted in general 
formula VI. 


NH-COCHy 


" o 
NH—COCH, 


4 H 


mz 


4. Classification of the Reducing, Acety- | 


lated Pyranoses Into Structurally and 
Configurationally Related Groups 


These eight pyranoid acetates (compounds 17 to | 


24) were divided into four configurational groups. 
Three of the compounds (18, 20, and 22) are ketose 
derivatives. 


4.1. Reducing, Acetylated Pyranoses of the xylo 
Configuration 


The members of this group have the following 


veneral formula (VII). 


OAc 


Compounds 17 to 20 have the above general for- 
1ula, with the following substituents. 


7. 2,3,4-Tri-O-acetyl-a-p-xylopyranose, R=H; 
R’=OH; and R’’ =H. 
8. 1,3,4,5-Tetra-O-acetyl-a-L-cylo-hexulopyranose 


(1,3,4,5-tetra-O-acetyl-a-L-sorbopyranose), 

R=CH,OAc; R’=OH; R’”’=H; and the 

molecule is the mirror image of that depicted. 
(9. 2,3,4,6-Tetra-O-acetyl-8-p-glucopyranose, R 
OH; R’=H; and R’’=CH,OAc. 
»3,4,5,7-Penta-O-acet yl-a-p-gluco-heptulopyra- 
nose, R=CH,OAc; R’=OH; and R”’= 
CH,OAc. 


969541 61 
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4.2. Reducing, Acetylated Pyranose of the Iyxo 
Configuration 


Compound 21 has the following formula (VIII). 


AcOH,C 
OAc Aco 


mr 
21. 2,3,4,6-Tetra-O-acetyl-a-p-mannopyranose 


4.3. Reducing, Acetylated Pyranoses of the arabino 
Configuration 


the 


have 


These compounds following general 


formula (IX). 





22. 1,3,4,5-Tetra-O-acetyl-8-p-arabino-hexulopyra- 
nose (1,3,4,5-tetra-O-acetyl-6-p-fructopyra- 
nose), R=OH; R’=CH.OdAc; and R’’=H. 

23. 2,3,4,6-Tetra-O-acetyl-8-p-galactopyranose, R= 
H; R’=OH; R’’=CH.OAc; and the molecule 
is the mirror image of that depicted. 


4.4. Reducing, Acetylated Pyranose of the ribo 
Configuration 


Compound 24 has the following formula (X). 


AcOH,C 





24. 2,3,4,6-Tetra-O-acetyl-a-p-talopyranose 
5. Discussion of the Spectra 


In the present study, the positions of the various 
absorption bands for each of 24 sugar derivatives 
have been determined; the relative intensities of ab- 
sorption were not examined in detail. The bands 
were compiled, and were studied by statistical and 
comparative methods, as previously described [2]. 

All of the compounds in the present study and all 
19 of the (monosaccharide) acetylated methyl 
aldopyranosides previously examined [3] show bands 
in the following spectral regions (alternative inter- 
pretations and some tentative assignments in paren- 
theses): at 2994 to 2933 em! (or 2976 to 2907 
em-!; C—H stretching); at 1449 to 1408 em~! (C—H 
bending); at 1379 to 1366 em7' (CH;—C deforma- 








tion); at 1282 to 1247 cm™ (acetyl, attached to 
nitrogen or to oxygen); at 1151 to 1114 cm7!; at 
1107 to 1074 em (C—O stretching); at 1072 to 
1052 em~'; at 1050 to 1016 cm™; at 962 to 933 cm7!; 
at 917 to 895 em (or 903 to 862 cm™); at 636 to 
600 em~' (or 625 to 597 cm™'; N-acetyl, O-acetyl, 
or both); and at 432 to 399 em7!. 

Except for compounds 15 and 20, all of the above 
compounds show a band at 1348 to 1316 em~! (C—-H 
benc ing); except for compound 12, a band is shown 
at 1239 to 1211 cm™'; and, except for compounds 
1, 2, and 14 to 16, a band is shown at 379 to 367 em“. 

The spectra were next examined in greups, as 


€ 


given in table 2 


TABLE 2. _Structural groups studied 
Group Structural feature Compounds (serial 
numbers) in group 
1 | Acetamido (amide, <siiananmi bie 1 to 16 
la | N-Acetyl__-- ee lto5 
Ib | N-Acetyl-O-acetyl____- ‘oat 6 to 11 
le | N-Acetyl; amide (primary) 12, 13 
ld | N-Acetyl-O-acetyl; amide (primary) 14 
le | N- Acetyl; open chain 15 
lf | N-Acetyl-O-acetyl; ae es 16 
2 O-Acetyl 6 to 11, 14, 16, 17 to 24 
3 Amide, primary. 12 to 14 
4 Hydrate Se aie 3, 13 
5 Hydroxy] group 1 to 5, 12, 13, 15, 17 to 24 
5a | Anomeric hydroxyl] group, only 17 to 24 
6 Open chain. -___-- E : 15, 16 


7 Pyranoid ring. 1 to 14, 17 to 24 


Bands characteristic of functional groups were 
found to fall into two categories: (a) Those that 
maintain their identity, and (b) those that, although 
present, are obscured or matched by bands (in the 
same spectral regions) given by compounds not 
possessing the functional group under consideration. 
Consequently, bands in the second category have no 
diagnostic value in the present study. 


5.1. Bands That Maintain Their Identity 


The following bands were shown only by com- 
pounds (in this study) having the structural features 
mentioned; possible assignments are given in paren- 
theses. All of the acetamido compounds (group 1, 
table 2) showed at least one band at 3356 to 3236 
em~' (N-—-H stretching); at 1709 to 1661 cm7! 
(amide I); and at 1575 to 1541 em™! (amide IT) 
Group la showed a band at 3268 to 3226 em~' (or 
3257 to 3215 em™'); in the range of 3247 to 3205 
em™~', a band is also shown by nine of the other 
secondary amides (compounds 6 to 10, 12 to 14, and 
16), but not by the members of group 5a or by any 
of the acetylated methyl glycosides previously 
studied [3]; hence. the band is presumably attribut- 
able to N—H stretching. Group la also showed 
a band at 3125 to 3077 cm~', shown by three other 
secondary amides (compounds 6, 7, and 13), but not 
by any of the other compounds just mentioned; thus, 
this band, too, is probably attributable to N—H 
stretching. 

All of the acetate esters (group 2 and the acetylated 
methyl glycosides) show a band at 1751 to 1736 cm™! 
(acetate ester, C=O stretching) which is not dis- 
played by the other compounds in this study. 
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5.2. Bands That, With These Compounds, Are Not 
Unequivocally Characteristic of Customarily- 
Assigned Features 


All of the acetamido compounds (group 1, table 2) 
showed bands at 1302 to 1258 em~! (amide IIT) and 
741 to 699 em~! (amide V), and at 1124 to 1101 em™!; 
however, bands in one, two, or all three of these 
regions are also shown by some non-nitrogenous com- 
pounds in this study. 

All of the acetate esters (group 2 and the acetylated 
methyl glycosides) show a band at 667 to 637 em7?; 
however, a band in this region is also displaved by 
compounds 3 to 5 (which are not acetate esters). 

For the primary amides (group 3), none of the 
bands customarily regarded as being characteristic 
of this functional group could be used as an unequivo- 
cal indication of its presence. These bands, shown 
by all the members of group 3, were as follows: At 
3356 to 3322 em7! (bonded NH, N—-H stretching) 
[shown by three of the secondary amides (compounds 
9, 11, and 15)]; at 3215 to 3205 em~! (bonded NH, 
N--H stretching) [shown by two of the secondary 
amides (1 and 10)]; at 1667 to 1661 cm™! (amide 1) 
[shown by six of the secondary amides (1, 3, 4, 10, 15, 
16)]; at 1445 to 1427 em™! [shown by 10 of the 
secondary amides (1, 2, 5 to 11, and 16), by all but 
one (compound 22) of the members of group 5a, and 
by all 24 of the methyl glycoside acetates previously 
studied [3]]; and at 1403 to 1391 em~! (amide V1) 
[shown by three of the secondary amides (4, 5, and 
7), by two members of group 5a (17 and 18), and by 
six methyl glycoside acetates (previous study [3], 
compounds 2, 6, 7, 13, 22, and 23)]. 

The hydrates (group 4) show bands at 1664 to 
1642 cm! that overlap, somewhat obscure, or are 
obscured by, amide bands in the same region. 

As regards the compounds having one or more 
hydroxyl groups (group 5), all of the resi 
having an anomeric hydroxyl group only (group 5a 
show a band at 3597 to 3367 em~! (O-—-H strete bing) 
not displayed by any acetylated methyl glycoside 
studied [3]. However, a band in this region is 
shown by the amides 2, 3, 5, 12, 13, and 15 (having 
hydroxyl groups) and by the amides 8, 11, 14, and, 
perhaps, 16 (compounds having no hydroxyl group) ; 
for these compounds, the band i s, presumably, at- 
tributable to N—-H clchine. ‘Furthermore, as 
previously mentioned, all of the compounds in the 
present study (and 19 acetylated methyl aldo- 
pyranosides) show a band at 1072 to 1052 em~! and 
at 1050 to 1016 em~', encompassing a region usually 
associated with vibretions of the C—-O—-H group. 

No bands were noted which could be correlated 
with the absence (group 6) or presence (group 7) of 
the pyranoid ring. 

The effects, on the spectra, of 
anomeric group from hydroxyl to (a) 
(b) methoxyl (with all other hydroxyl 
acetylated) are summarized in table 3. For com- 
parison, the bands recorded for tetrahydropyran [4] 


changing the 
acetamido and 
groups 


are also listed. 
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TABLE 3. 


Effect of changing the anomeric group from hydroxyl 


to (a) acetamido and (b) methoxy! ; and comparison with bands 
of tetrahydropyran 


Bands (em 


tetrahydropyran ® 


875, 


) of 


1202 


1160 


1050 
1033 


1012 


YO9 


RAG, SIS 


Spectral range of bands (em 
of the group of compounds 


or 


Hydroxyl 
(group 5a, table 2 


or 


or 


Di 


Di 


3597 to 
2094 to 


2989 to 


1757 
1751 to 
1742 to 


1477 
1449 to 
1385 
1377 
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TABLE 3. Effect of changing the anomeric group from hydroryl 
to (a) acetamido and (b) methoryl; and comparison with bands 
of tetrahydropyran—Continued 


Spectral range of bands (em~') shown by every member 
of the group of compounds 
1) of 


Bands (em 
tetrahydropyran 4 

Methoxyl 
(see ref. [3]) 


Acetamido 


Hydroxyl 
(group 1b, table 2) 


group 5a, table 2) 


470 to 451 


acew 455 to 442 ‘i * 
= i‘ 420 to 409 
, » |i (or 417 to 408) 428 to 399 
ss 419 to 402 \ or 414 to 400 
. or 403 to 390 (or 412 to 398) ° 
or 398 to 384 or 398 to 38% : . ~ 
= 379 to 374 379 to 375 376 to 367 
296 to 279 aeen ee ae oe _ 


® Bands recorded by Burket and Badger [4]. 
b Except compound 20 


Only one anomeric pair of N-glycopyranosyl- 
acetamides (compounds 10 and 11) was available 
for intercomparison; bands differentiating between 
these anomers are listed in table 4. 


TaBLE 4. Bands (em=') differentiating between the anomers of 
N-acetyl-2,3,4,6-tetra-O-acetyl-p-galactosylamine 


10 (a@ 11 (8 10 (a) 11 (gp 
3215 1408 
3058 a 1376 
2801 1333 
1664 1253 
1106 1037 
1064 870 
943 667 
834 533 
711 493 
307 452 
2941 445 

2890 ‘ 430 

1751 a 361 

1513 ‘ 355 

1473 é 348 

341 


coworkers [5] mentioned that com- 
pound 17 (in a Nujol mull) showed bands at 929, 
914, S98, 889, 878, and 759 em™'; in this region, our 
spectrogram 17 (potassium chloride pellet) shows 
bands at 937, 910, 893, 878, and 768 em“. The 
spectra of compounds 18 to 21 in chloroform and in 
dioxane have been presented previously [6]. 

Figure 1 gives the percentage of the N-acetyl- 
glycosvlamines (group la) that show absorption 
bands in the various regions of the infrared spectrum, 
and figure 3 provides the same kind of information 
for their acetate esters (group 1b); for convenient 
comparison, figure 2 shows the positions of bands 
(em~') in the infrared absorption spectra of the 
compounds in groups le to 1f. Figures 4 and 5 give 
the percentages of the reducing, pyranose acetates 
(group 5a) and of the acetylated methyl aldopyranos- 
ides of 19 monosaccharides [3], respectively, that 
show absorption bands in the various regions of the 
infrared spectrum. For the range of 5000 to 2000 
em! in figures 1 to 5, decrements of 20 em@! in 
wavenumber were used; and, for the range of 2000 
to 250 em™'!, decrements of 10 em™}, 
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6. Experimental Procedures | compounds were prepared in the course of earlier neo 
“ : we ‘ y] 
ee os studies on the ring structure of N-glycosylacetamides -” 
6.1. ——— and — of the | [7,8] and reducing, pyranose acetates [9]. Each com- 
a | pound was recrystallized from an appropriate solvent 
The compounds listed in table 1 were prepared by | until further recrystallization caused no change in T 
e ° . -" | . . . . ° 
the methods given in the references cited. The | its melting point or optical rotation. Tha 
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rcentage, of the acetylated methyl aldopyranoside 8 of nineteen monosaccharide 8, which showed absor plion at the various 


regions of the infrared spectrum (calculated from data in ref. [3] F 


6.2. Preparation of the Pellets 


Samples for spectrophotometric study were pre- 
pared in the solid phase, as pellets consisting of the 
crystalline compound suspended in an alkali-metal 
halide, exactly as previously described [2]. For the 
range of 5000 to 667 cm, a concentration of 0.4 
mg of compound per 100 mg of potassium chloride 
was used; a concentration of 2 mg per 100 mg was 
also used for compound 16. For the range of 667 
to 250 em~!, a concentration of 2 mg of compound 
per 100 mg of potassium iodide was used, except for 
compound 4 (0.67 mg per 100 mg). Comparisons of 
intensity of absorption, from one compound to 
another can only be true and quantitative where the 
molar concentration is the same. 


6.3. Measurement of Infrared Absorption 


The spectrograms are shown in figures 6 and 7. 
mr . > Pr ~ - 
That in figure 6 for compound 15 was recorded with 


a Beckman Model [R4 (double beam) spectrophoto- 
meter equipped with prisms of sodium chloride. 
The rest were recorded with a Perkin-Elmer Model 
21 (double-beam) spectrophotometer equipped with 
a prism of sodium chloride (for the range of 5000 to 
667 em~') and of cesium bromide (for the range of 
667 to 250 em~'), as previously described [2]. 

Some absorption attributable to water (in the 
compound, the alkali halide, or both) was observed 
at 3448 and 1639 em7! and, attributable to atmos- 
pheric water vapor, in the far-infrared curves. 
These regions are drawn on the spectrograms with 
dashed lines which are not to be interpreted 
quantitatively. 


The authors express their gratitude to Harriet L. 
Frush for preparing and purifying all of the com- 
pounds used in this study, and to J. E. Stewart and 
J. J. Comeford for recording the infrared absorption 


spectra. 
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1, N-Acetyl-8-p-xylopyranosylamine; 2, N-acet yl-8-p-glucopyranosylamine; 3, N-acetyl-8-D-mannopyranosylamine, monohydrate; 4, N-acetyl-a-L-arabinopyranosyl- Reedy ( 
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FIGURE 6 Spectrograms of materials in potassium chloride pellets.— Continued 


5, N-acetyl-6-p-galactopyranosylamine; 6, N-acety!-2,3,4-tri-O-acet yl-8-bD-xylosylamine; 7, N tyl-2,3,4,6-tetra-O-acet yl-8-D-glucosylamine; 8, N-acety!-2,3,4,6- 


»syl- : A 
¢ tetra-O-acet yl-8-b-mannosylamine 
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FiGuRE 6. Spectrograms of materials in potassium chloride pellets Continued 
9, N-acetyl-2,3,4-tri-O-acetyl-a-1-arabinosylamine; 10, N-acetyl-2,3,4,6-tetra-O-acetyl-a-D-galactosylamine; 11 .N-acety1-2,3,4,6-tetra-O-acety|-8-p-galactosylamine; 12, 
~acetamido-1-deoxy-?-D-mannopyranuronamide, 
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FIGURE 6 Spectrograms of materials in potassium chloride pe lets Continued 


13, 1-acetamido-1-deoxy-?-p-galactopyranuronamide, pentahydrate; 14, 1-acetamido-2,3,4-tri-O-acetyl-1-deoxy-?-D-mannuronamide; 15, 1,1-bis(acetamido)-1-deoxy- 
L-arabinitol; 16, 1,1-bis(acetamido)-2,3,4,5-tetra-O-acet yl-1-deox y-L-arabinitol, 


56954161 { 4] 
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FiGurRE 6. Spectrograms of materials in potassium chloride pellets Continued 


13, 2,3,4-tri-O-acetyl-a-D-xylopyranose; 18, 1,3,4,5-tetra-O-acetyl-a-L-rylo-hexulopyranose; 19, 2,3,4,6-tetra-O-acety1-8-b-glucopyranose; 20, 1,3,4,5,7-penta-O-acetyl-a-D- 21, 
gluco-heptulopyranose acety! 
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FIGURE 6 Spectrograms of materials in potassium chloride pe llets. Continued 


|-a-De 21, 2,3,4,6-tetra-O-acetyl-a-D-mannopyranose; 22, 1,3,4,5-tetra-O-acetyl-8-D-arabino-hexulopyranose; 23, 2,3,4,6-tetra-O-acetyl-8-D-galactopyranose; 24, 2,3,4,6-tetra-O- 
acetyl-a-D-talopyranose 
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Figure 7. Spectrograms of materials in potassium iodide pellets. 
1, N-Acety!-8-D-xylopyranosylamine; 2, N-acety]-8-pD-glucopyranosylamine; 3, N-acetyl-8-D-mannopyranosylamine, monohydrate; 4, N-acety! a-L-arabinopyranosyl- 
amine 
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Figure 7. Spectrograms of materials in potassium iodide pellets—Continued 
5, N-acetyl-8-D-galactopyranosylamine; 6, N-acetyl-2,3,4,tri-O-acety]-8-D-xylosylamine; 7, .N-acetyl-2,3,4,6-tetra-O-acetyl-8-D-glucosylamine; 8, N-acety|]-2,3,4,6- 


tetra-O-acet yl-8-D-mannosylamine 


nosyl- 
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Figure 7. Spectrograms of materials in potassium iodide pellets—Continued 


9, N-acety]-2,3,4-tri-O-acetyl-a-L-arabinosylamine; 10, N-acety]-2,3,4,6-tetra-O-acetyl-a-D-galactosylamine; 11, N-acety]-2,3,4,6-tetra-O-acetyl-8-D-galactosylamine; 
12, 1-acetamido-1-deoxy-?-D-mannopyranuronamide. 
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Figure 7. Spectrograms of materials in potassium iodide pellets.—Continued 


13, 1-acetamido-1-deoxy-?-D-galactopyranuronamide, pentahydrate; 14, l-acetamido-2,3,4-tri-O-acetyl-1-deoxy-?-D-mannuronamide; 15, 1,1-bis(acetamido)-1-deoxy-L- 
arabinitol; 16, 1,1-bis(acetamido) -2,3,4,5-tetra-O-acetyl-1-deoxy-L-arabinitol. 
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Figure 7. Spectrograms of materials in potassium iodide pellets.—Continued 
17, 2,3,4-tri-O-acetyl-a-D-xylopyranose; 18, 1,3,4,5-tetra-O-acetyl-a-L-rylo-hexulopyranose; 19, 2,3,4,6-tetra-O-acetyl-8-D-glucopyranose; 20, 1,3,4,5,7-penta-O-acetyl- 


a-D-gluco-heptulopyranose. ‘ : 
tba f 
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~ Figure 7. Spectrograms of materials in potassium iodide pellets.—Continued 
acetyl. , 
21, 2,3,4,6-tetra-O-acetyl-a-D-mannopyranose; 22, 1,3,4,5-tetra-O-acety!-8-D-arabino-hexulopyranose; 2%, 2,3,4,6-tetra-O-acetyl-8-D-galactopyranose; 24, 2,3,4,6- 
tetra-O-acetyl-a-D-talop) ranose 
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8 Monolayers of Linear Saturated Succinate Polyesters 
> 189 at Air-Liquid Interfaces" 

$1) 


Wendell M. Lee, J. Leon Shereshefsky,* and Robert R. Stromberg 


(October 7, 1960) 


pressure-area isotherms at 25 °C are reported for some linear saturated 
polyesters spread as monolayers at air-aqueous interfaces. Monolayers of poly(ethylene 
succinate), poly(pentamethylene succinate), and poly(neopentyl succinate) were studied 
on distilled water and 0.01 N hydrochloric acid subphases. 

Poly(ethylene succinate) monolayers are in the expanded state and collapse at low 
surface pressures. Poly(pentamethylene succinate) monolayers are also expanded, but show 
no definite collapse, even at the highest surface pressures studied. Monolayers of poly 
(neopentyl succinate) collapse at high surface pressures, and are less expanded, over the 
entire surface pressure range studied, than the monolayers of the other polymers studied. 
The specific area for each polymer and the effect of structure on the surface pressure-area 
isotherms of poly(pentamethylene succinate) and poly(neopentyl succinate) are discussed. 


The surface 


1. Introduction 


In recent years the monolayer properties of syn- 
thetic polypeptides and synthetic polymers have 
received considerable attention. The interest in 
these synthetic macromolecules derives from numer- 
ous structural variations that may be realized by 
proper choice of reactants and polymerization 
conditions. Numerous surface film studies have 
been made using both addition- and condensation- 
type polymers, such as tbe polvalkylacrylates, 
polyamides, and polyvinyl compounds. Little work, 
however, has been reported on the high surface- 
pressure properties of linear saturated polyester 
monolavers. Studies by Harkins, Carmen, and Ries 
[1] * using the self ester of w-hvdroxydecanoic acid 
and by Moss [2] on polv(ethylenesuccinate) have 
been published. 

This paper considers the surface film properties 
of three linear saturated polyesters of succinic acid 
spread as monolayers at the air-liquid interface. 
The spreading characteristics of these films are dis- 
cussed to show the effect of solvent and solution 
concentration on the spreading characteristics of one 
of the polyester films. 


2. Experimental Procedure 


poly(ethylene succinate), poly- 
(pentamethylene succinate), and poly (neopentyl suc- 
cinate), were supplied by James Farr, of the 
Research Laboratory of the Thiokol Chemical Co. 
They were synthesized from the melt without cata- 
lyst, using succinic acid and the appropriate glycols, 
and were crystalline at room temperature (X-ray 

This work was supported, in part, under a project sponsored by the Bureau 
of Naval Weapons, De ‘partment of the Navy. 

? Presented before the Colloid Division, American Chemical Society Meeting, 
Atlantic City, N. J. Sept. 1959. 


Howard University, Washington, D.C. 
‘ Figures in brackets indicate the literature references at the end of this paper. 


The _ polyesters, 
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diffraction). Their number-average molecular 
weights, as determined by end group analysis were 
of the order of 4500, with average degrees of poly- 
merization of 24 to 31. These polymers were further 
purified by reprecipitation from chloroform solution 
with ethyl ether and dried in vacuum for 50 hr at 
50 °C. The materials were then stored under 
moisture-free conditions and exposed to the atmos- 
phere only while removing samples. Some of the 
properties of these polymers are given in table 


TABLE 1. Properties of the polyesters 
Softening | Molecular Bulk 
Polymer point weight density > 
ia =| tee "Oo 
Cc gicm 
Poly(ethylene succinate) 96 4100 1.4 
Poly(pentamethylene succinate 38 4500 1.2 
Poly (neopentyl succinate) __ 76 | 4400 


a M,=number average molecular weight determined from supplied end group 
analysis. 
b Determined by method of hydrostatic weighings. 


A Langmuir-Adam horizontal balance was used 
to study the film properties. The horizontal balance, 
very similar to that described in detail by Langmuir 
[3] and Adam [4], consisted of a bronze tray 65 em 
long and 14 em wide provided with leveling screws, 
a linear scale on one side, and a movable glass barrier 
1112 in. resting on the edges of the tray. The 
tray and barrier were coated with paraffin, the tray 
filled with water, and the polymer spread on the 
water surface between the barrier near one end of the 
tray aud a detachable torsion balance device near 
the other end. This device consisted of a mica float 
resting on the surface of the water attached to the 
edges by thin polytetrafluoroethylene strips which 
had been sliced with a clinical microtome. The float 
was attached to a wire, which was attached at one 








end to a pointer. The movement of the pointer was 
magnified optically and after calibration indicated 
the torque caused by a force applied to the mic: 
float. Compression of the film on the water or other 
subphase surface between the movable barrier and 
the mica float permitted measurement of differences 
between the surface tension of the subphase and 
that of the film, for a known quantity of polymer 
and area of film. 

The balance was enclosed in a case and the assem- 
bly housed in a room held at 24.5 +0.5 °C. The 
water used as a subphase was redistilled from an 
all-quartz system. The subphases were tested for 
surface active impurities by exposing a large area of 
subphase surface for about 1 hr and then compressing 
any impurity film to a small area. The lowering of 
the subphase surface tension due to impurities was 
negligible. The spreading solvents, benzene and 
chloroform, were twice distilled and tested for active 
impurities by spreading on clean subphases. 

The polymer solutions were spread from micro- 
pipets. Ten minutes was usually allowed for solvent 
evaporation before compressing the polymer films. 
This time was considered ample as the surface 
pressure became constant within 5 min after spread- 
ing. In a few instances the films were allowed to 
stand for 30 min to check for pressure changes. No 
changes were observed. Concentrated solutions of 
poly(pentamethylene succinate), however, did not 
reach constant film pressures in the time interval 
of 10 min, but gave steadily increasing pressures for 
longer periods of time. Dilute solutions of this 
polymer, however, spread in the usual manner. 

The properties of the completely spread films were 
not sensitive to the film compression rate. The 
average time of an experimental run was | hr. 

One experiment was run at a liquid-liquid interface 
with a verticle pull film balance, frequently known as 
a Wilhelmy type balance [5]. A plate is suspended 
vertically from one arm of an analytical balance and 
is partially immersed in a liquid. The force on the 
Silane arm is determined first with the pure liquid 
and then with the liquid on which a film has been 
spread. In this manner differences in the surface 
tension and therefore the film pressure are deter- 
mined. The nature of this type of film balance also 
permits it to be used with a film at a liquid-liquid 
interface. The plate, a cleaned glass microscope 
slide, was held with a polytetrafluoroethylene block 
that hung from the arm of an analytical balance by 
means of a platinum wire. The water phase was 
prepared as described above and the other phase, 
cyclohexane, was of spectral grade. Both liquids 
were added after the plate was suspended in place, 
with approximately one-half of the plate suspended 
in each liquid. The plate was moved slightly from 
the aqueous phase into the organic phase to deter- 
mine the reference point. The polymer in benzene 
solution was then added with a micropipet in succes- 
sive increments at the interface. The pressure was 
determined after each increment. 
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3. Results 


Pressure-area isotherms were determined with the 
horizontal balance. They are given in figures 1 to 5. 

Figure 1 gives the monolayer properties of poly 
(ethylene succinate) spread from chloroform on dis- 
tilled water and 0.01 N hydrochloric acid subphases. 
The isotherm shows the surface pressure, expressed 
as dynes/em, as a function of the specific area of the 
polymer. Increasing the volume of solution spread 
at constant subphase area by a factor of 2 did not 
alter the film properties. The isotherm also shows 
the film properties to be independent of subphase 
pH for values between 2 for HC] solutions and 6.5 
for water. Also of interest is the highly expanded 
state and compressibility of these films. No linearity 
in the isotherm was observed until pressures slightly 
below collapse were obtained. An extrapolation 
from a region of least curvature gives a limiting 
specific area of approximately 2.3 m? per milligram. 
The absence of any change in specific area with 
volume of solution suggests that these films were 
completely spread and probably existed as mono- 
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Subphase — Distilled water 
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11.02 10-5 mg 
0.01 N HC] 
5.51 10-3 mg 


Subphase 


The spreading characteristics and specific areas 
of poly ging thylene succinate) films are given in 
figures 2 and 3. The isotherm showing the film 
properties of ane (pentamethylene succinate) spread 
from chloroform on distilled water is given in figure 
2. The curve is drawn through the points obtained 
with 9.56 10-* mg of polymer and 50 X (0.050 ml) 
of solution. Films spread from dilute benzene solu- 
tions on 0.01 N hydrochloric acid subphases show 
curves that are identical with the curve drawn on 
this figure. The isotherm for this polymer spread 
on the hydrochloric acid subphase is given by curve 
C in figure 3. 
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Surface pressure-area isotherms of poly(pentameth- 


on distilled water at 24.5 (2 Saat oe 


Spread from chloroform 9.56 10-3 mg, Run 1 
@ Points obtained on expansion of film of Run 1 
19.12 10-3 mg 


Spread from benzene %. 24.46 10-3 mg 


Poly(pentamethylene succinate) was particularly 
sensitive to the quantity of material spread. Solu- 
tions of increasing concentration were spread to 
produce films, some of which when completely 
spread would approach or exceed the available sur- 
face area on the balance. The area required for com- 
plete spreading was determined from the specific 
area. The available surface area on the balance at 
the time of spreading was approximately 700 em?. 
Within experimental error the same curve was ob- 
tained up to quantities of 11.1810-* mg, corre- 
sponding to an area of approximately 325 cm?, as 
shown by curve C of figure 3. Quantities of 19.12 
«107% mg, corresponding to an area of approximately 
555 em*, however, resulted in a slight shift in the 
isotherm. This is shown in figure 2 where the drawn 


curve is through the points obtained from 9.56 1078 
mg. The points determined from the 19.12 10-8 
mg sample lie to the left of this drawn curve. Al- 


though not completely spread, duplicate runs with 
this quantity resulted in a reproducible isotherm. 
Incomplete, but apparently reproducible spreading 
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FicureE 3. Surface pressure-area isotherm of poly(pentameth- 
5 +0.5 °C 


ylene succinate) spread from benzene at 24.5 


Curves A and B—Distilled water subphase @ 24.96X 10-3 mg 
A 48.92 10-3 mg 
, @5.59x 10-3 mg 
11.18 10-3 mg 


Curve C—0.01 N HCl] subphase 


was also observed when 24.46 107% mg were used. 
This quantity of material would produce a film with 
an area of approximately 700 cm2?, tbe limiting area 
of the tray. Although the spreading was not com- 
plete, there was again only a small shift from the 
true isotherm for complete spreading, which vields 
the greatest area for a given pressure. 

Larger quantities of polymer resulted in progres- 
sively larger shifts in the isotherm, as shown by 
curves A and B in figure 3. In the case of isotherm 
B the available surface area on the balance was ap- 
proximately one-half of that required by the film. In 
all cases any incomplete spreading resulted in appar- 
ent low specific areas. 

When monolayer investigations are conducted with 
polymers, adequate attention must be given to assure 
complete spreading of the polymer films. The use 
of a single concentration may give reproducible films 
with reasonable area values, even though the films 
may still be incompletely spread. 

The isotherm drawn in figure 2 and isotherm C 
in figure 3 were selected as those representing the 
film characteristics of fully spread poly (pentamethyl- 








ene succinate) films on distilled water and acidic 
subphases. The usual inflection was exhibited, but 
on further compression collapse did not occur. In- 
stead, the film assumed a more compressible state 
and eventually passed into a state resistant to com- 
pression. The extrapolated specific area for the 
completely spread polymer film was 2.9m? per milli- 
gram. The reversibility of the area occupied by the 
film of this polymer is shown in figure 2 by the 
closed circles. They were obtained by compressing 
the film through the inflection point (open circles), 
followed by expansion (closed circles). 

The isotherm of poly(neopentyl succinate), an 
isomer of poly(pentamethylene succinate), is given in 
figure 4. This polymer differs from its isomer in the 
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Ficure 4. Surface pressure-area isotherm of poly(neopentyl 
succinate) on distilled water subphases at 24.5 +0.5 °C. 
Spread from chloroform © 10.40X 10-3 mg 
Spread from benzene @, A 5.0X10-3 mg 
O, @ 30.76X10- mg 








arrangement of the atoms in the glycol group. The 
lower portion of this isotherm was obtained using a 
sensitive torsion wire and the dilute benzene-polymer 
solutions. These are shown by the closed circles 
and open triangles. The highest recorded surface 
pressure for this range was about 0.4 dynes per 
centimeter. When the solution concentration was 
increased threefold (to 0.3 mg/ml) and the volume of 
solution spread twofold (to 100 \), the isotherms 


produced were reproducible and gave the curve 
drawn through the open and closed squares. The 


lower portion of this isotherm is higher than that 
obtained for the low pressure studies. 

To ascertain the intermediate portion of the iso- 
therm, as well as to determine the effect of spreading- 
solvent on the film state, films were spread with 100 \ 
of chloroform solutions of 0.1-mg/ml polymer con- 
centration. This resulted in a quantity of polymer 
on the film balance intermediate between the two 
other quantities studied. The experimental points 
obtained are shown by the open circles, and these 
points overlapped both regions previously studied. 
The experimental agreement was very good. The 
isotherm derived from these studies indicates that 
the spreading properties of poly (neopentyl succinate) 
films were independent of these two spreading 
solvents. The spreading was not very sensitive to 
the quantity of polymer deposited as the 30.76 107% 
mg corresponded to an area of approximately 615 
cm’, based on the extrapolated specific area, approach- 
ing the available film balance area of 700 em?. 
Therefore, the isotherm shown is that for the com- 
pletely spread films of this polymer on distilled water 
subphases. 

Approximate surface film thicknesses were calcu- 
lated from the extrapolated specific areas and the 
respective bulk densities of the polymers. These 
film thicknesses are given in table 2. The thickness 
values ranging from 3 to 4 A indicate that the com- 
pletely spread films are monomolecular. It appears 
that molecules of these linear succinate polymers lie 
flat on the subphase surface in the same manner as 
the molecules of the self ester of w-hydroxydecanoic 
acid reported by Harkins and coworkers [1]. The 
bulk densities of the polymers are given in table 1 
and the extrapolated areas of the isotherms to zero 
surface pressure in table 2. Also listed in table 2 are 
the calculated and observed unit areas, collapse 
pressures, energies to compress the films to collapse, 
and film compressibilities. 

The compressibilities of the films were calculated 
using the following equation: 


, Ay—A, 
K= , 


where K is the compressibility; Ap the extrapolated 
specific area of closely packed molecules at zero 
surface pressure; and A, the specific area at surface 
pressure 7. 
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TABLE 2. 


Monolayer properties of some succinate polyesters on aqueous subphases 


Extrap-| Area per seg. Energy 
olated Collapse |to com-| Com- | Thick- 
Polymer specific pressure | press press- | Ness at 
area | Cale.) Obs. film to | ibility | *=0 


m?/mg A’ 
Poly (ethylene/suc- 
cinate 2.3 55 
Poly (pentameth- 
ylene succinate 4 2.9 74 
Poly (neopentyl suc 
cinate) 2.0 60 


» Energy to compress film to midpoint 


The stability of the polymer films depends on both 
the lateral cohesion between the chains and the 
energy required to pull hydrophilic groups from the 
aqueous subphase. The energy required to compress 
the film to the point of collapse or to the inflection 
point in the case of poly(pentamethylene succinate) 
is obtained by integrating the area unde? the isotherm 
up to the point of collapse or inflection. The energy 
required to compress the film is given by: 


A; 
AK= [ TA 


J Ao 
where AF is the energy necessary to compress the 
film; Ao, a very large segment area at which the 
surface pressure is very small; and A;, the segment 
area at the point at which film instability occurs. 
The energies obtained from the isotherms by graphi- 
cal integration are given in table 2. 


4. Discussion 


Monolayers of linear polymers having carboxyl 
groups have been studied by Harkins, Carmen, and 
Ries [1], Crisp [6], and others. The results of these 
investigations show the surface pressure-area iso- 
therms of the films to be essentially independent of 
the number of repeating units per molecule and, 
therefore, the molecular weight of the polymer. 
This independence of molecular weight permits a 
more meaningful analysis of monolayer properties in 
terms of the fundamental repeating structural unit. 

The polymer films, therefore, were assumed to be 
completely spread and the isotherms independent of 
molecular weight. The experimental data are re- 
plotted in figure 5 to express the surface pressure as a 
function of the area in A? occupied by a single 
polyester unit. This figure shows the monolayer 
properties of the three polyesters on these aqueous 
subphases. Some experimental points of different 
runs are included to indicate reproducibility. 

Assumed interfacial conformations of the three 
polymers can be represented by means of molecular 








collapse 


cal. 
mole-! 
8éq- cm 
A? | dynes/em, ment“! | dyne A 
60 to 4.0 349 0.11 3.1 
70 
90 | Plateau 56848 . 056 2.9 
(11. 7) 
63 hs 734 . 028 3.9 


of first inflection in isotherm. 


models. The plane of the zigzag of the molecules is 
parallel to the surface of the substrate. The 
neopentyl group is a rigid, bulky mass that probably 
lies more above the other portions of the molecule 
than do the ethylene or pentamethylene groups in 
the other polymers. In the latter the methylene 
groups of the glycol can lie in the same plane and in 
contact with the surface. 

The molecules of poly(ethylene succinate) may be 
considered as long chain normal paraffins into which 
ester linkages have been periodically placed. These 
polar ester groups are most likely primarily re- 
sponsible for the binding and spreading character- 
istics of this polymer. Presumably the carbony] 
groups of the ester linkages are oriented towards the 
aqueous phase. 
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Ficure 5. Surface pressure-area isotherms of linear saturated 


polyesters on aqueous subphases at 24.6 a) ro 
lyest 1 bpha ut 24 0.5 °C 
Curve A. Poly(ethylene succinate) : 
Curve B_ Poly(pentamethylene succinate) 
Curve C_ Poly(neopenty! succinate) 
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The monolayer of poly(ethylene succinate), as 
shown by isotherm A in figure 5, is highly expanded 
and exhibits no linearity in the region approaching 
collapse pressure. Extrapolating from an ambiguous 
linear portion of the isotherm, a limiting unit area of 
60 to 70 A? is obtained. This observed area is larger 
than that expected from the fiber diagram of this 
polymer as determined by Fuller and Erickson [7] 
using X-ray methods. The observed area, however, 
agrees quite well with that reported by Moss [2] for 
the same polymer of 3200 number average molecular 
weight. Molecular models show that the unit 
length can vary little when completely spread and 
oriented. The large areas observed must then be 
caused by a loose packing of the film molecule. 
Another striking feature is the high compressibility 
of this monolayer, 0.11 cm/dyne (table 2). The 
low collapse pressure observed, 4 dynes per centi- 
meter, is reproducible and much higher than the 
value of 2.5 dynes per centimeter reported by Moss 
[2] for monofilms of this polymer. 

The marked effect on the monolayer properties 
produced by the addition of three methylene groups 
is seen by comparing isotherms A and B in figure 5. 
As in the case of the poly(ethylene succinate) mono- 
layer, the monolayer of poly(pentamethylene suc- 
cinate) is expanded and compressible, having a com- 
pressibility of 0.056 cm/dyne (table 2). The mono- 
layer of poly(pentamethylene succinate) does not 
collapse when compressed to small areas. Instead, at 
areas where collapse is expected to occur the film 
becomes quite compressible, presumably passing into 
a multilayer or crumpled structure. Further com- 
pression of the film produces another inflection in 
the isotherm. At this specific area the film is prob- 
ably passing into a multimolecular structure resistant 
to compression, as shown by an upswing of isotherm 
B, figure 5. Similar monolayer and film characteristics 
have been observed for other polymers such as some 
poly(alkyl methacrylates) as described by Crisp [8] 
and some polyorganosiloxanes as reported by Fox, 
Taylor and Zisman [9]. The extrapolated repeating 
unit area of poly(pentamethylene succinate), 90 A’, 
is about 20 percent larger than that expected for the 
unit in the crystalline state. 

The monolayer properties of poly(neopentyl suc- 
cinate) on distilled water are given by isotherm C in 
figure 5. The curve is less expanded over the entire 
surface pressure range than those of the other poly- 
mers. It is also less compressible, having a com- 
pressibility of 0.028 cm/dyne (table 2), and collapses 
at 17.7 dynes per centimeter. This collapse occurs at 
a segment area of about 25 A’. It is interesting to 
note that the extrapolated repeating unit area, 63 A’, 
is very close to that expected for a unit of the poly- 
mer in an oriented crystalline state. 

The low expansion and compressibility of the 
poly(neopentyl succinate) monolayer is attributable 
to the inflexibility of the unit produced by the 
presence of the rotationally highly hindered neo- 
pentyl group. The surface pressure-area isotherm 
of this polymer at the cyclohexane-water interface, 
determined with a Wilhelmy balance, is given in 
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figure 6. It shows that the high surface pressure 
region of the isotherm is essentially the same as that 
for the air-water interface. At low pressures, how- 
ever, there is evidence of a more expanded film at the 
oil-water interface as compared to that at the air- 
water interface. At high surface pressures the 
absence of film expansion at the oil-water interface 
suggests that the expansion of the monolayer at low 
pressures is not caused by changes in intermolecular 
forces but by chain rigidity. 


SURFACE PRESSURE ,d/cm 











6 
AREA,m?/mg 


Ficure 6. Surface pressyre-area isotherms of poly(neopentyl 
succinate) at air-water and liquid-liquid interfaces. 


cyclohexane-water interface 


Polymer spread from benzene 
air-water interface 


5. Summary 


The monolayer properties of the succinate poly- 
esters were found to be closely related to structural 
features of the glycols used. This was shown in a 
marked manner by the differences in the interfacial 
properties of poly(pentamethylene succinate) and 
poly(neopentyl succinate). The repeating units of 
these two polymers are isomeric. The extrapolated 
unit area was larger for the poly(ethylene succinate) 
and poly(pentamethylene succinate) than that calcu- 
lated for a unit of the polymer in the crystalline state. 
For the semirigid poly(neopentyl succinate) unit the 
observed and calculated areas were about the same. 


[1] 
[2] 
[3] 
[4] 


(6] 


ure 
hat 
owW- 
the 
air- 
the 
ace 
low 
lar 


tyl 


‘al 

a 
ial 
id 
of 
ed 


e) 


e. 
he 
ie. 


6. References 


{1] W. D. Harkins, E. F. Carmen, and H. E. 
Chem. Phys. 3, 692 (1935). 


[2] S. A. Moss, Jr., J. Am. Chem. Soc. 56, 41 (1934). 
[3] I. Langmuir, J. Am. Chem. Soc. 39, 18-48 (1917). 
[4] N. K. Adam, The physics and chemistry of surfaces, ch. 2 


(Oxford Univ. Press, London, England, 1941). 
[5] W. D. Harkins, The physical chemistry of surface films, 
ch. 2 (Reinhold Publ. Corp., New York, N.Y., 1952.) 
[6] D. J. Crisp, J. Colloid Sei. 1, 49 (1946). 


Ries, IE, Ve 


| [7] C. 8. 





57 


Fuller and C. L. Erickson, J. Am. Chem. Soc. 59, 
344 (1937). 

[8] D. J. Crisp, Chapter on Surface films of polymers in 
Surface phenomena in chemistry and biology, edited 
by J. F. Danielli, K. G. A. Pankhurst, and A. C. 
Riddiford (Pergamon Press, New York, N.Y., 1958). 

[9] H. W. Fox, P. W. Taylor, and W. A. Zisman, Ind. Eng 
Chem. 39, 1401 (1947). 


(Paper 65A1-82) 











pr 
Bi 


ert 


the 
cal 
Sal 
an 
ap 
at 

251 
eX] 
at 

tal 


me 
col 
the 


oTe 
gre 


7 
Co. 
tha 
um 
any 

4 
of } 
suc 
may 
to 1 


JOURNAL OF RESEARCH of the National Bureau of Standards—A. Physics and Chemistry 
Vol. 65A, No. 1, January-February 1961 


Heat of Formation of Beryllium Chloride 
Walter H. Johnson and Alexis A. Gilliland 


(August 24, 1960) 


The heat of formation of beryllium chloride has been determined, by the direct com- 
bination of the elements in a calorimeter, according to the process, 


Be(c) 4 
AH°(25 °C) 


Cl, 


(g) 


BeCl,(e), 


493.85 + 2.35 kj/mole, 


-118.03 + 0.56 keal/mole. 


The data obtained by other investigators are discussed briefly. 


1. Introduction 


This investigation was undertaken as a part of a 
program, currently in progress at the National 
Bureau of Standards, on the thermodynamic prop- 
erties of light-element compounds. 

There are very few data in the literature on the 
thermochemistry of beryllium halides, probably be- 
cause of the difficulty in obtaining sufficiently pure 
samples of beryllium, the toxicity of the material, 
and its stability toward dry halogens. Beryllium is 
apparently quite stable with respect to dry chlorine 
at ordinary temperatures. At temperatures up to 
250 °C the amount of reaction during a half-hour 
exposure to dry chlorine appears to be negligible; 
at about 350°C, however, the reaction is spon- 
taneous and rapid. 


2. Materials 


The beryllium was obtained in the form of 80- 
mesh powder from the Brush Beryllium Co. <A 
complete analysis was furnished with the material; 
the constituents found to be present in quantities 
greater than 0.01 percent are as follows: 


Be 99.4 
BeO 0.26 
@ .06 
Al ; .06 
Fe_. 05 . 
= = .015 
Si 015 


The chlorine was obtained from the Matheson 
Co. and was certified to have a purity of not less 
than 99.85 percent. It was passed through a col- 
umn packed with phosphorus pentoxide to remove 
any traces of moisture. 

The helium was obtained from the U.S. Bureau 
of Mines and was certified to be oil free; it was passed 
successively through columns packed with Ascarite, 
magnesium perchlorate, and phosphorus pentoxide 
to remove traces of carbon dioxide and moisture. 
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3. Apparatus 


The glass reaction vessel was similar to that used 
for measurement of the heat of formation of titanium 
tetrachloride [1].!. The only significant changes in- 
volved the use of a 375-ohm manganin heating coil 
and a plug of Pyrex wool in the top of the vessel to 
prevent the finely divided beryllium chloride from 
being carried out of the vessel. 

The calorimeter was similar to that described pre- 
viously [2], except that a smaller calorimeter can 
and well were used, which resulted in a significantly 
lower energy equivalent. ‘he calorimeter jacket was 
maintained at 27 °C to within +0.001 °C during 
each experiment by a controller which has been 
described [2]. The sensing element of the jacket 
temperature controller was changed prior to these 
experiments by the substitution of a 575-ohm nickel 
thermometer for the 28-ohm platinum thermometer 
formerly used; an equivalent change was made in the 
corresponding arm of the Wheatstone bridge circuit. 

The thermometric system, the apparatus for 
measurement of electrical energy, and the general 
calorimetric procedure have been previously de- 
scribed [2, 3]. 


‘ 
< 


§ 
< 


4. Units of Energy, Molecular Weights, and 
Heat Capacities 


The unit of energy is the joule, obtained as the 
product of absolute amperes, absolute volts, and 
mean solar seconds. All instruments were cali- 
brated with reference to standards maintained at 
the National Bureau of Standards. For conversion 
to the conventional thermochemical calorie, one 
calorie is taken as 4.1840 joules. 

All atomic weights were taken from the 1957 
Table of International Atomic Weights [4]. 

The heat capacities used for correction of the 
data to 25 °C were taken, where possible, from the 
available literature [5]. In the case of BeCl,, an 
estimated value of 16.3 cal/deg mole was used for 


the heat capacity of the erystalline state at 25 °C. 


| Figures in brackets indicate the literature references at the end of this paper. 








5. Procedure 


Elaborate precautions were taken to avoid per- 
sonal contact with the metal or inhalation of the 
metal dust when loading or cleaning the vessel. A 
sample (0.2 to 0.5 g) of the metal powder was placed 
in a quartz crucible and lowered into the reaction 
vessel. A plug of Pyrex wool was placed in the top 
of the vessel, the glass joint was lubricated with 
fluorocarbon grease and the vessel was assembled. 
The vessel was then transferred to the calorimeter 
can together with 3740 g water, the calorimeter was 
assembled, connections between the vessel and the 
gas train were made, and the calorimeter preheater 
and platinum resistance thermometer were inserted. 
Air was removed from the reaction vessel by evacua- 
tion; the vessel was then refilled with dry helium to 
a pressure of 1 atm. 

Each calorimetric experiment consisted of three 
parts, a 20-min initial rating period, a 90-min re- 
action period, and a final 20-min rating period. 
Calorimeter temperatures were observed at 1-min 
intervals during the reaction period and at 2-min 
intervals during the rating periods. At the start 
of the reaction period, the vessel was heated electri- 
cally and a stream of dry chlorine was introduced. 
It was necessary to pass approximately 0.25 amp at 
99 v through the heating coil to obtain the required 
temperature of 350 °C. At this temperature, the 
reaction is nearly self-sustaining and continues for 
some time after interruption of the heating current. 
After about 20 min, when the desired temperature 
rise had been obtained, the electric current was 
interrupted. The flow of chlorine was continued 
for an additional 20 min, then stopped, and dry 
helium was passed through the vessel for 30 min. 
The flow of helium was then stopped and after an 
additional 20 min the system again was at thermal 
equilibrium. 

Traces of adsorbed chlorine were removed from 
the vessel by evacuation through a cold trap; the 
vessel was refilled with dry helium, removed from 
the calorimeter, and transferred to a well-ventilated 
hood for analysis of the contents. 

Moist air was passed for 2 hrs through the vessel 
and through two successive scrubbing columns 
containing about 100 ml of water each. Water was 
then forced through the vessel and the remaining 
material washed into the scrubbing columns. The 
amount of reaction was determined by the concentra- 
tion of chloride ion in the resulting solution. This 
determination was made gravimetrically by precipita- 
tion with silver nitrate. Determination of the 
amount of hydrochloric acid by titration of the 
resulting solution with standard alkali was also made; 
this determination was less precise, however, 
probably because of the presence of beryllium 
hydroxide. 

No attempt was made to weigh the amount of 
unreacted beryllium metal, because of the difficulty 
of quantitative removal from the vessel and because 
of the reaction between the metal and the strongly 
acidic solution formed by hydrolysis of the beryllium 
chloride. 
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The quantities of helium and of excess chlorine 
were determined from the time of flow and the rates 
of flow as indicated on calibrated capillary flow- 
meters. The temperatures of the helium and 
chlorine which entered the system were taken as 
equal to that of the calorimeter jacket through which 
they passed. The temperatures of the exit gases 
were taken as equal to the mean calorimeter tempera- 
ture during the time of flow. These data were 
required only for the small gas-temperature cor- 
rection in which an error of 10 percent would not be 
significant. 

The calorimetric system was calibrated in the 
same manner except that no sample was included 
and only helium was passed through the vessel 
during the “reaction”’ period. 


6. Results and Calculations 


The results of the calibration experiments are 
given in table 1, where Ac is the corrected tempera- 
ture rise of the calorimetric system [6] expressed as 
ohms increase in resistance of the platinum resistance 
thermometer, / is the quantity of electrical energy 
introduced [2, 3], g, is a correction for the energy 
carried into the system by the helium, Ae is the 
deviation in the heat capacity of the actual system 
from that of the selected “standard’”’ system, and 
E, is the energy equivalent of the ‘“standard”’ 
calorimetric system. 

The results of the calorimetric reaction experiments 
are given in table 2. In this table, the quantity 
q, includes the necessary corrections to convert the 
reactants and products to their thermodynamic 


c 








TABLE 1. Results of the calibration experiments 

Experiment ARc E de Ae Es 

Ohm j jjohm j/ohm 
Si stssas } 0. 217132 | 35129. 4 15.3 | —7 161852 
Bete. | 224491 36331. 1 8.3 | 7 161868 
: RSH 205927 | 33310.1 | 9.2 | -7 161795 
4. are: . 2388395 38578. 1 | 7.8 | —7 161850 
ees 251439 | 40691. 8 6.6 | 7 161855 
Mean 161844 
Standard deviation of the mean +13 


Results of the experiments on the heat of formation 


of beryllium chloride 


TABLE 2, 


| ect: 








idaminpebii’ ARc D P —AH?® (25 °C) 
|_ ec 
| | | | 
| Ohm jjohm | Mole kj/mole 
1 0. 251393 | 13. 3 29321. 8 3.3 0. 022990 494. 62 
2 9. 2 33137. 9 —10.7 004044 195. 90 
3 14.2 31987. 2 —3.5 . 022359 496. 75 
4 10.3 5.5 015146 492. 12 
5 11.1 4.2 . 018904 492. 54 
6 12.5 7.0 019174 489. 40 
7 13.9 5.8 ( 492. 34 
8 . 267642 11.6 31714. 3 9. 2 { 497.12 
Mean ‘ 493. 85 
Standard deviation of the mean +0. 951 
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standard states at 25 °C. The results of the experi- 
ments correspond to the reaction: 


Be(c) +Cl, (g) =BeCl, (ec), 
AH°(25 °C) -493.85 +2.35 kj/mole, 
—118.03 +0.56 kcal/mole. 

No correction was made for the effect of the im- 
purities in the beryllium. Since the quantity of 
reaction was based ov the amount of chloride in the 
solution of the reaction products, the error would 
be limited to the difference between the heats of 
reaction of chlorine with beryllium and with the 
impurities. We have assumed that BeO would not 
react with chlorine under our experimental conditions 
and have calculated the combined corrections for 
the other materials to be negligible in comparison 
with other experimental errors. 

The uncertainty interval has been taken as twice 
the standard deviation of the mean for the calibra- 
tion and reaction experiments, combined with 0.26 
percent for the determination of the amount of 
reaction, 0.01 percent for the determination of the 
gas heat-capacity correction, 0.10 percent for the 
effect of impurities, and 0.01 percent for errors in 
calibration of measuring instruments. 


7. Discussion 


Mielenz and Von Wartenberg [7] obtained — 112.6 
keal/mole for the heat of formation of BeCl, by 
igniting a sample of beryllium in a stream of chlorine 
gas. They also obtained —135.9 keal/mole for the 
heat of formation of BeO by combustion of the metal 
in an oxygen bomb. Cosgrove and Snyder [8] have 
reported — 143.1 kcal/mole for the heat of formation 
of BeO, an increase of 5 percent over the value 
obtained by Mielenz and Von Wartenberg. If this 
difference is due to the presence of an inert impurity 
it would seem quite possible that their value for 
BeCl, is also low by a similar amount. An increase 
of 5 percent in their value for BeCl, gives —118.2 
keal/mole for the heat of formation which is in good 
agreement with the result of this investigation. 





Siemonsen [9] measured the heat of reaction of 
beryllium with liquid chlorine in a bomb, reporting 
—109.2 keal/mole for the heat of formation of 
BeCl,(e). This value appears to be low and may 
be due to a systematic error in the calculation or 
interpretation of his results. His value of —94.8 
keal/mole for the heat of formation of LiCl(c) [10], 
which appears to be low by about 3 kcal/mole, would 
indicate that some systematic error might be 
involved. 

Rossini, Wagman, Evans, Levine, and Jaffe [5] 
gave —122.3 kcal/mole as a selected ‘best’ ’value for 
the heat of formation of BeCl.(c), based on —146.0 
keal/mole for the heat of formation of BeO(c). A 
recalculation of their data, using —143.1 keal/mole 
for the heat of formation of BeO(c), as determined 
by Cosgrove and Snyder, gives —119.4 keal/mole for 
the heat of formation of BeCl.,(c) which is in reason- 
ably good agreement with the results of this 
investigation. 
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Heat of Decomposition of Potassium Perchlorate 


Walter H. Johnson and Alexis A. Gilliland 


(October 5, 1960) 


The heat of decomposition of potassium perchlorate into potassium chloride and oxygen 


has been determined in a bomb calorimet 
equation: 
KCI1O,(e) 
AH°(25°C) 


0.96 


Combination of this datum with the heat of formation of KCl(c) gives 
mole for the standard heat of formation of KCI1O,(c) at 


1. Introduction 


The thermodynamic properties of alkali and light- 
metal perchlorates have become increasingly im- 
portant during recent years because of their possible 
use for sources of oxygen in solid-fuel systems. 
Potassium perchlorate, for example, contains ap- 
proximately the same quantity of oxygen per unit 
volume as liquid oxygen at its boiling point. The 
release of this relatively large amount of oxygen 
may be effected by heating to about 550 °C. Some 
of the other perchlorates decompose at considerably 
lower temperatures. 

An accurate value for the heat of decomposition of 
KCIO, leads to a reliable value for the heat of 
formation, which serves as a convenient basis for 
evaluation of the heats of formation of other per- 
chlorates. Potassium perchlorate was chosen be- 
cause of its stability, ease of purification, and 
nonhygroscopic character. 


2. Materials 


The potassium perchlorate was reagent-grade 
material, which was recrystallized twice from water 
and dried at 135 °C; it was stored in a desiccator 
over anhydrous magnesium perchlorate. The lot 
analysis of the material indicated a purity of 99.8 
percent; a test for chloride ion with silver nitrate 
was negative. 

The benzoic acid was NBS Standard Sample 39g. 
Samples of the same material were used for both the 
calibration and the decomposition experiments. 

The filter paper was Whatman No. 42. No 
attempt was made to dry the paper; instead it was 
stored at a constant humidity of 40 percent. 

The oxygen was freed from traces of combustible 
materials and of carbon dioxide by passing it suc- 
cessively through (1) a tube packed with copper 
oxide and heated to 600 °C, and (2) an absorber 
containing Ascarite. No attempt was made to 
remove traces of nitrogen or water vapor. 


er. 


KCl(c) 
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The process may be represented by the 


+ 20.(g), 


1.02 + 0.34 kj/mole, 


t 0.08 keal/mole. 


103.22 +0.15 keal/ 


25 °C. 


3. Units of Energy and Molecular Weights 


The unit of energy is the joule; for conversion to 
the conventional thermochemical calorie, one calorie 
is taken as 4.1840 joules. 

All atomic weights were taken from the 1957 
International Table of Atomic Weights [1].' 


4. Apparatus and Procedure 


The calorimeter was of the Dickinson isothermal- 
jacket type which has been described [2, 3]. The 
temperature of the calorimeter jacket was controlled 
within +0.001 °C at about 27 °C by means of a 
thermostat. The calorimeter temperatures were 
measured by means of a platinum resistance ther- 
mometer and a Mueller-type bridge; timing of the 
experiments was made by reference to the NBS 
standard second signals. 

The bomb was of the NBS twin-valve type, 
similar to that which has been described [3]; its 
volume was 375.5 ml. It was modified slightly for 
the KCIO, decomposition experiments in that two 
crucibles were used, one being mounted about 1 em 
directly above the other. The KCIO, sample was 
weighed into the upper crucible. The benzoic acid 
pellet, approximately 0.6 g, was placed, in the lower 
crucible, on a strip of filter paper which extended 
out over the lip of the crucible. Ignition was 
accomplished by means of an electrically heated, 
iron-wire fuse which was placed in contact with the 
protruding end of the paper strip. One ml of water 
was placed in the bomb, which was then sealed, 
flushed with oxygen, and filled with oxygen to a 
pressure of 30 atm at 25 °C. 

The details of the calorimetric procedure have been 
described [8, 4]. The heat evolved by the burning of 
the benzoic acid was sufficient to decompose the 
KCIO,, leaving a fused mass of KCl in the crucible. 


i Figures in brackets indicate the literature references at the end of this paper 








In each case, a small portion of the KCIO, was 
blown out of the crucible during the decomposition; 
this made necessary a determination of the quantity 
of decomposition by analysis of the combustion 
products. The total mass of carbon dioxide was 
determined by collecting the dry gas in a weighed 
absorption tube containing Ascarite. The material 
remaining in the bomb was washed into a flask and 
the amount of chloride ion determined by titration 
with standard AgNO;, using fluorescein as_ the 
indicator [5]. 

The heat of combustion of the filter paper was 
determined in two separate experiments in which 
about 0.8 g of the paper was pressed into a wad, 
placed in the bomb, and burned in the usual manner. 
The mass of carbon dioxide produced by the com- 
bustion was determined as described above. 

The calorimeter system was calibrated by a series 
of combustion experiments with benzoic acid, NBS 
Standard Sample 39g. The mass of benzoic acid was 
about 0.55 g in each instance; this value was chosen 
because it was sufficient for the KCIO,-decomposition 
experiments and duplication, as nearly as possible, 
of the initial and final calorimeter temperatures was 
desirable. 


5. Results and Calculations 


The results of the calibration experiments with 
benzoic acid are given in table 1, where ARc is the 
corrected rise in temperature of the calorimeter sys- 
tem (as measured on the particular thermometer and 
bridge [6]), m, is the mass of benzoic acid corrected to 
weight in vacuo, q; is the ignition energy from com- 
bustion of the iron-wire fuse, and qy 1s the energy 
evolved by the formation of nitric acid from traces 
of nitrogen in the bomb. The quantity WC is the 
Washburn correction [6, 7], applied here to convert 
the reactants and products from their thermodynamic 
standard states into the actual conditions of the bomb 
process; this correction may be defined by the rela- 
tionship WC=AE°—AE;. The quantity Ae is the 
deviation in the energy equivalent of the actual 
calorimeter system from that of the “standard” sys- 
tem; this value includes the heat capacity of the 
benzoic acid sample, a correction to the mean tem- 
perature of the calorimeter (26.5 °C) for the heat 
capacity of the calorimeter system, and a correction 
to 27.0 °C for ACy of the reaction of combustion. 





TABLE 1. Results of the calibration experiments with benzoic 
acid 
Experiment ARc | Ms gi | aN wc Ae E, 
No. | | 
| ohm j j | j/ohm j/ohm 

Dini Seealte came tee 0. 114219 34.6 0.9 11.8 3.9 141728. 3 
| EIR . 103961 | 34.6 1.1 10.9 7.2 141743. 2 
= a-uc-| . 103002 | 34.0 1.2 10.8 7.2 141736. 5 
4 * . 101401 35.7 0.4 10.3 A. 141720. 4 
Biiecacceaak . 101426 5.6 | 1.0 10.5 7.1} 141728.8 

Mean ae 141731. 4 

Standard deviation of the mean +3.9 

















The heat of combustion of benzoic acid for the 
standard bomb-process, —AF, (25 °C), was taken 
as 26433.8 j/g. This value was corrected to give 
—AE® (25 °C) =26413.1 for the heat of combustion 
at constant volume, for the reactants and products 
in their thermodynamic standard states. A correc- 
tion of 1.9 j/g made for aCv of the combustion reac- 
tion gave the following value for benzoic acid: 


VO (97 O71) __9@ 9: 
AE® (27 °C) =—26411.2 j/g 
The energy equivalent of the “standard” calori- 
metric system for the temperature interval of 26 to 
27 °C is obtained by: 


__ 26411.2 


we 


qv — Ae 


E, (27 °C) ——— 
ARe 

The results of the experiments on the combustion 
of filter paper are given in table 2. The value for the 
standard combustion process at constant volume is 
given by: 


—AE® (27 °C) 
((E, +-Ae)ARe “9 On +O: Ww ‘| Mp. 


The quantity gq, is a correction for the thermal 
coefficient of the combustion process to correct the 
experimental results to 27 °C. The value obtained 
for AE° (27 °C) was — 16670 j/g. 

The results of the experiments on the decomposi- 
tion of KCIO, are given in table 3. The value ob- 
tained for the standard constant-volume process at 
27 °C is given by the relationship: 


—AE® (27 °C) 
(F,+Ae)ARe -q 


-9v +9 1—Vtp— Yoa— WE i 
mole KCIO, 


TABLE 2. Results of the experiments on the combustion of 
fille r paper 
Experiment ARe Ae Qi qn dt We Mfr —AE°(27 °C) 
No. 
ohm ohm g i/g 

1 .-| 0.098558 | 16.6 | 31.4 | 0.7 0.2 | 10.5 | 0.83479 16684. 0 
. 091101 17.1 32. 2 1.4 0.0 9.6 sail 16656, 0 

Mean 16670. 0 
TABLE 3. Results of the experiments on the decomposition of 

KCIlO,4 
Experiment ARc Ae Gi | an} a dip dba We|} KC10O4 AE° 
No. (27°C) 
ohm ohm j j mole | kj/mole 
1 0. 114725) 45.6) 32.4) 0.9) 0.1) 216.4) 15873. 9) 21.9) 0.01336 8. GSO 
2 ‘ 104967! 45.0) 34.6 9 1} 226.9) 14524. 5) 17.5) .00944 8.214 
3 108221) 37.3) 32.5 y 1} 287.7) 14881.6) 25.5) .01301 8. 782 
1 . 113302} 42. 5) 32.6 9 .1) 269.6) 15620.3) 21.8) .01334 8. 858 
§.. . 114737} 38.0) 33.3) .9) .1) 223.9) 15848. 5) 23.3) .01496 9. 117 
6 . 114943) 37. 5) 32.0) .9 1) 227.5) 15877.3} 22.9) .01436 9. 390 
7 114876) 37.5) 35.0) .9 1} 231.2) 15866. 5) 22.8) .01422 9.110 
Dina . 114358) 37. 5) 33.5) .9 1} 184.2) 15852. 8) 21.2 01244 9. 639 
| | 
Mean 9.011 


Standard deviation of the mean +0. 151 
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and may be represented by the equation: 


KCIO,(c) =KCl(c) +20,(g), (1) 


AE®(27 °C) = —9.01+0.30 kj/mole. 

This result was corrected to constant pressure at 
27 °C, with R=8.3147 j/deg mole; 
AE°+An RT 


AH®°(27 °C)=AE°+A(PV) 


-4.02 +0.30 kj/mole. 


For eq (1) AC, 0.08 j/deg mole [8]; thus 


AH°(25 °C) = —4.02 40.40 kj/mole 
—0.96 +0.10 keal/mole. 


The uncertainty assigned to this value has been 
obtained by combining twice the standard deviations 
of the mean of the calibration and decomposition 
experiments with reasonable estimates for other 
errors. 

The heat of formation of KCI(c) has been taken 
as —104.175 keal/mole [8]. From this value and the 
heat of decomposition corresponding to eq (1) the 
following value has been obtained: 





KCIO,(c), AHf°(25 °C) 103.22 +0.10 keal/mole. 
6. Discussion 


Berthelot and Vieille [9] determined the difference 
between the heat of explosion of ammonium picrate 


the heat of explosion of potassium picrate and that 
of a potassium picrate-potassium perchlorate mix- 
ture. They obtained 7.5 keal/mole for the decom- 
position of KCIO, according to eq (1). 

Hofmann and Marin [10] burned a mixture of 
paraffin and potassium perchlorate and obtained 
AE(25 °C)=—1.73 keal/mole for the constant- 
volume process corresponding to eq (1). Correc- 
tion of their value for A(PV) gives AH(25 °C) 

—(.55 keal/mole. 

Rossini, Wagman, Evans, Levine, and Jaffe [8] 
used the data of Hofmann and Marin because they 
were the only data available which were reasonably 
compatible with the data on potassium chlorate and 
on perchloric acid. 


7. References 


{. Wichers, J. Am. Chem. Soc. 80, 4121 (1958). 

. R. Eckman and F. D. Rossini, BS J. Research 3, 597 
(1929) RPII1. 

[3] E. J. Prosen and F. D. Rossini, J. Research NBS 27, 289 

(1941) RP1420. 
[4] W. H. Johnson, E. J. Prosen, and F. D. 
Research NBS 35, 141 (1945) RP1665. 

{5] I. M. Kolthoff, Chem. Revs. 16, 87 (1935). 

(6] E. J. Prosen, Chapter 6 in Experimental thermochem- 
istry, F. D. Rossini, ed. (Interscience Publishers, Inc., 
New York, N.Y., 1956). 

EK. W. Washburn, BS J. Research 10, 525 (1933) RP546. 

F. D. Rossini, D. D. Wagman, W. H. Evans, 8S. Levine, 
and I, Jaffe, Selected values of chemical thermody- 
namic properties, NBS Cire. 500, (U.S. Government 
Printing Office, Washington 25, D.C., 1952). 

| [9] M. Berthelot and P. Vieille, Ann. chim. et phys. [5] 27, 

225 (1882). 

} [10] K. A. Hofmann and P. H. Marin, Sitzber. preuss. Akad. 

Wiss. Physik. math. Kl]. 1932, 448. 


Rossini, J. 





and that of an ammonium picrate-potassium per- | 


chlorate mixture, and also the difference between 


(Paper 65A1—84) 


569541—61——__5 65 











H 


T 
des« 
to o 
sodi 
for i 
aml 
Bec. 
ing 
met 
of t 
liter 
corr 


T 
erac 
desir 
T 
talli: 
T 
pora 
Che 
pan 
nish: 
Nal 
the 
expo 
Fise 
cent 
160 
How 
uum 
than 


JOURNAL OF RESEARCH of the Naticnal Bureau of Standards—A. Physics and Chemistry 
Vol. 65A, No. 1, January-February 1961 


Heats 


of Formation of Lithium Perchlorate, Ammonium 


Perchlorate, and Sodium Perchlorate 


Alexis A. Gilliland and Walter H. Johnson 


(Oetober 5, 1960) 


Calorimetriec measurements of the 
and NaClO,(c) have been made. 
tion of KCIO;(e), KCl(e), LiCl(e), 
formation: 


LiClO,(c), AHf°(25 °C) 


NH,yC1O,(e 


NaClo,(e), 


heats 
The results have been combined with the heats of forma- 
NH,Cl(e), and NaCl(e), to obtain the following heats of 


of solution of LiClO (ce), NH,ClO,(e), 


- 380.27 
- 90.89 4 
295.98 
70.74 
382.75 
91.484 


1.21 kj/mole 
0.29 keal/mole, 
1.35 kj/mole 
0.32 keal/mole, 
0.93 kj/mole 
0.22 keal/mole. 


A brief summary of other reeent data has been included, 


1. Introduction 


This investigation, a continuation of the work 


described in the preceding paper, was undertaken 


to obtain a reliable value for the heat of formation of | 


sodium perchlorate and to provide a uniform basis 
for intercomparing the heats of formation of lithium, 
ammonium, sodium, and potassium perchlorates. 
Because of uncertainties in the data used for obtain- 
ing the heat of formation of perchloric acid, a 
method was chosen in which the heats of formation 
of the perchlorates were obtained in terms of the 
literature data on potassium perchlorate and on the 
corresponding chlorides. 


2. Materials 


The LiCl, NaCl, KCI, and NH,Cl were reagent- 
grade materials, dried at 130 °C, and stored in a 
desiccator over anhydrous magnesium perchlorate. 

The KCIO, was reagent-grade material, recrys- 
tallized twice from water, and dried at 110 °C. 


The LiClO, was obtained from HEF, Inc., a cor- | 
poration owned and operated jointly by the Hooker | 
Chemical Company and the Foote Mineral Com- | 


pany. The following analysis in percent was fur- 
nished with the material: LiClO, 99.7; 


NaCl, 0.1; NaClO;, 0.005; R:,O;, 0.01. However, 


H.O, 0.1; | 


the material had apparently been subjected to brief | 


exposures to moisture, as it was found by the Karl 


Fischer method to contain approximately 1.84 per- | 


Heating the material overnight at 
content only slightly. 
to. 275 °C 


reduced to 


cent of water. 
160 °C reduced the moisture 
However, by heating the salt 
uum, the water content was 
than 0.05 percent. 


not more 


under vac- | 


The NH,CIO, was prepared by passing gaseous 
ammonia into a 70-percent aqueous solution of 
perchloric acid; the resulting crystals were recrys- 
tallized twice from water and then dried to constant 
weight at 95 °C. The ammonia was obtained from 
the Matheson Company, who certified it to have 
a purity of not less than 99.99 percent. The per- 
chloric acid was reagent-grade material which con- 
formed with A.C.S. specifications. 

The NaClO, was prepared by the addition of 
solid reagent-grade sodium hydroxide to a 70-percent 
aqueous solution of perchloric acid. It was. recrys- 
tallized twice from water, and dried first in air at 
160 °C and then in a vacuum at 275 °C, 

Each of the dried perchlorates was tested for 
chloride by addition of a sample to a solution of 
silver nitrate in nitric acid; in no case was there 
any clouding of the solution. 


3. Units of Energy, Molecular Weights, and 
Conversion Factors 


The joule was used as the unit of energy. All 
instruments were calibrated in terms of standards 
maintained at NBS. For conversion to the con- 
ventional thermochemical calorie, one calorie 
taken as 4.1840 joules. 

All atomic weights were taken from the 1957 
international Table of Atomic Weights [1].!. The 
heat capacities were taken, where possible, from 
the literature [2]. For LiClO,, an estimated value 
of 24.4 cal/deg mole was used. 


is 


! Figures in brackets indicate the literature references at the end of this paper. 








4. Apparatus and Procedure 


The glass calorimeter, thermometric system, ap- 
paratus for measurement of electrical energy, and 
general calorimetric procedure have been described 
[3,45]. A saturated solution of KCIQ,, consisting 
of approximately 0.0715 mole of KCIO, in 24.45 
moles of water, was weighed into the calorimetric 
vessel, and a mixture of 0.0670 mole of KCl and 
0.01 mole of KCIO, was added (solution I). The 
addition of this excess of 0.01 mole of KCIO, (to 
insure saturation of the solution) was made in all 
experiments. A sealed glass ampoule of LiClO,(c) 
was placed in the crushing device, the calorimeter 
was assembled, a platinum resistance thermometer 
was inserted, and the calorimeter was immersed in 
a thermostatically controlled water-bath maintained 
at 25.0 °C. The calorimeter temperature was ad- 
justed to 24 °C by electrical heating. After an 
initial rating period the ampoule was broken into 
the solution. The calorimeter stirrer, operating at 
90 rpm, provided sufficient agitation to afford 
thermal equilibrium in 30 min. Temperatures were 
observed at 1-min intervals during the reaction 
period and at 2-min intervals during the initial and 
final rating periods. 

The reaction between the potassium ions and 
perchlorate ions caused the solution (which was 
already saturated) to become supersaturated with 
KCIO, and resulted in precipitation of the additional 
amount. The only change in the solution involved 
the addition of Lit and a corresponding decrease in 
the concentration of K*. For an addition of 0.030 
mole of LiClO, the resulting solution consisted of 
0.0715 mole of KCIO,, 0.030 mole of LiCl, 0.037 
mole of KCl, and 24.45 moles of water (solution IT) 
together with 0.64 mole of solid KCIO,. 

The experiments with NH,CIO, and with NaClO, 
were performed in a similar manner, producing solu- 
tions IV and V respectively. To eliminate, so far as 
possible, the uncertainty in the state of the pre- 
cipitated KCIO,, similar experiments were run using 
KCIO,. The heat measured should correspond to 
the transformation of dry crystalline KCIO, to the 
wet precipitated salt. The calorimeter system con- 
taining solution I was calibrated with electrical 
energy [4], the only change in the system being the 
substitution of an empty bulb for the perchlorate 
ampoule. 

The heats of solution of KCl, LiCl, NH,Cl, and 
NaCl were determined in the same apparatus, but 
with a solution differing from solution I only in the 
quantity of KCl, which was reduced from 0.067 
mole to 0.037 mole (solution III). The addition 
of the KCl and NH,Cl samples resulted in the 
absorption of considerable amounts of energy; to 
avoid corrections for the change in the concentration 
of the KCIO, with temperature, a measured quantity 
of electrical energy was added in each case. 

A separate series of electrical-energy calibration 
experiments was performed, using solution III and 
an empty ampoule. 














5. Results and Calculations 


The results of the calibration experiments on the 
calorimetric system used for measurement of the 
heats of solution of LiClO,, NH,ClO,, and NaClO, are 


given in table 1. A/c corresponds to the corrected 


temperature rise of the system [6]. The energy 
equivalent, F,, of the “standard” system was 


obtained as the ratio of the quantity of electrical 


energy, £, to Ac, the corresponding rise in 
temperature. 
TABLE 1. Results of the calibration experiments with solution I 
Experiment No. ARc E | E, 
= Es | : 
ohm j j/ohm 
1 adeno nae 0.101111 2202. 00 21778.0 
2.. . - 101065 | 2200. 45 21772. 6 
3 . . 100631 | 2190. 57 21768. 3 
4. . 060589 | 1319. 84 21783. 5 
See . - 082227 | 1791. 93 21792. 5 
6 js ‘ - 076776 | 1671. 91 21776. 5 
Mean... a im ; 21778. 6 
Standard deviation of the mean $3.5 


The results of the experiments on the heat of 
reaction of LiClO, with KCl in solution I are given 
in table 2. Here, Ae is the change in the energy 
equivalent from that of the “standard” system due 
to the heat capacity of the sample and to deviations 
in the mass of the glass bulbs from that of the 
reference bulb, (0.444g). The energy evolved, g, was 
obtained as the product of Ae and the energy 
equivalent of the actual calorimetric system, /,+- Ae. 

The results of the experiments on the heats of 
reaction of NH,ClO, and NaClO, with KCl in solu- 
tion I are given in tables 3 and 4, respectively. The 
results of the experiments on the heat of addition 
of KCIO, to solution I are given in table 5. 

The results of the calibration experiments for the 
system containing solution III are given in table 
6. The results of the experiments on the heats of 
solution of LiCl, KCl, NH,@1, and NaCl in solution 
III are given in table 7, 8, 9, and 10, respectively. 

The concentrations of the calorimetric solutions 
involved, on a molar basis, are as follows: 
2.38 KCIO,+-2.23 KCI+815 H,O] © solution I, 
[2.38 KCIO,+- 1.23 KCI+LiCl+815 H,0] 

solution IT, 


— 


[2.38 KCIO,+1.23 KCI1+815 H,O] 
solution III, 
[2.38 KClO,+1.23 KC]l+-NH,CI+815 H,O] 
solution LV, 
[2.38 KC]lO,+1.23 KCl+ NaCl+815 H,O] 


solution V. 
The calorimetric processes and the corresponding 


changes in enthalpy are: 


LiClO,(c) +[I]=[11]+ KCI10,(pptd), (1) 
AH (25 °C) = —62.839 + 0.216 kj/mole, 

NH,CIO,(c) + [I] =[IV] + KCIO, (pptd), 

AH(25 °C)=—0.252 +0.144 kj/mole, (2) 


Me 
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he 
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TABLE 2. 


Experiment No. 


Mean 
Standard deviation 


TABLE 3. Heat 


Experiment No. 


Mean 
Standard deviation 


TABLE 4. Heat 


Heat reaction of LiClO, with 





KCl in solution 











~ 





AR | Ae | q | LiClO, —AH(25 °C) 
| | | -_ 
ohm jlohm | j | " kj/mole 
0. 074983 | 27.1 1635.1 | 26135 62. 564 
074319 29.3 1620. 7 025660 63. 161 
. 082012 29. 8 1788. 6 028523 62. 707 
. 078088 27.6 1702. 8 . 027131 62. 762 
. 072577 27.0 1582. 6 . 025120 63. 002 
62. 839 
of the mean_. +0. 108 
of reaction of NH4ClO,4 with KCI in solution I 
ARc Ae q NH,C104 AH (25 °C 
ohm jfohm j mole kj/mole 
0. 000472 43.8 10. 30 0. 024314 0. 424 
000250 $8. 4 5.45 021541 . 253 
000355 4. (0) 7. 75 021697 
000430 41.4 9. 38 023137 . 405 
000034 417.9 0.74 026663 . 028 
000066 4.4 1. 45 030132 . 048 
0. 252 
of the mean +0. 072 


of solution 








of NaClO,g with KCl in solution I 


Experiment No. ARc } Ae q |} NaClOg AH (25 °C 
; | 
ohm ohm j mole kj/mole 
1 0. 026518 29. 7 578. 31 0. 027532 21.005 
2 024535 27.0 535. 00 025622 20. 880 
3 026419 28. 4 576. 12 027122 21. 242 
4 024436 26. 5 532. 83 025080 21. 245 
6 023510 24.5 512. 59 O2Z3S889 21. 457 
Mean. 21. 166 
Standard deviation of the mean +(). 104 
TaBLE 5. Heat of addition of KC1O, to solution I 
. | ‘ 
Experiment No, | ARc Ae q KC1O, AH (25 °C 
ohm ohm mole j/mole 
1 0. OOO10S 21.8 2. 35 0.01991 0. 118 
2 000071 24.7 1. 55 02225 070 
3 000034 25. 3 0.74 02287 032 
4 OOO 107 27.9 2. 33 02424 O96 
5 000006 25.4 0.13 02240 O58 
Mean 0.075 
Standard deviation of the mean £0. 015 
TABLE 6, Results of the calibration experiments with 
solution ITI 
Experiment No ARc E Ey 
ohm j j/johm 
0. 100665 2203. 51 21889. 5 
abs 101224 5.17 21883. 8 
3_. . 100624 2200, 52 21868. 7 
ie 085369 1869. 01 21893. 3 
a 099602 2179. 06 77.70 
6 ee 099575 2177. 48 | 7 
Mean ‘ | 21880. 1 
Standard deviation of the mean eet +4.3 








Experiment No. ARc Ae 
| ohm j/ohm } 
= 0. 059686 7.61 
2 . 057614 | 17.6 | 
3 . * . 085069 26.6 | 
Be cca 2 . 071628 | 22. 6 | 
5 = | 078054 4.9 
= | = | 
Mean 


Standard deviation of the mean 


q 


j 
1307.0 
1261. 6 
1863. 6 
1568. 8 
1709.8 


TABLE 8. Heat of solution of KC] 


Experiment ARec Ae E 


No. 


ohm j/ohm 
0. 099847 
. 099712 
. 098928 
. 100757 
. 099508 
6... . 099260 


Mean « ~ 
Standard deviation of the mean 


TABLE 9. 


Experiment ARe Ae E 
No. 
ohm j/ohm 
1 0. 089184 $1. 
y . 085337 31.0 
3 . 090007 29.0 
= . 085593 28. 1 
5 . 089177 34.3 
Mean 
Standard deviation of the mean 


TABLE 10. 


Experiment AR« Ae 
No. 
ohm ohm 

1 —0, 009690 15.6 
2 — . OO9086 13.8 
3 —, 009335 15.9 
4_ —. 009489 14.9 
5 009642 14.6 
6 -, 009153 14.7 

Mean 


Standard deviation of the mean 


NaCloO,(c) +[]] 
AH(25 °C) 


KCl(e) + [IT] 
AH (25 °C) 


[I], 
LiCl(e) + [11] =[1]), 
AH(25 °C) =—34.431 


NH,Cl(c) + [11] 
ATI(25 °C) 


[TV], 


NaCl(c) + [II] 
AH (25 °C) 


[V], 











j 


Heat of solution of NH, 


Heat of solution of NaC 


TaBLE 7. Heat of solution of LiCl in solution III 


LiCl —AH (25 °C) 
mole kj/mole 

0. 0378442 34. 536 

. 0368166 34. 267 

. 0539895 34. 518 

| , 0456099 34. 397 

. 0496536 34, 435 

~ 34. 431 

+0, 048 


in solution III 





[V]+KCIO, (pptd), 


| q | KCl —AH (25 °C) 
j mole kj/mole 
107.7 | 0.029285 3. 678 
—99. 5 . 026790 3.714 
113.8 . 028950 3. 931 
-117.9 . 031030 3. 800 
118.7 029810 3. YSZ 
119.6 029946 3. 994 
3. 850 
+-(). 056 
‘Lin solution ITI 
| q | NH,«Cl —AH(25 °C 
| | ‘ 
j mole kj/mole 
719.0 | 0.037639 —19. 103 
697.4 } . 036725 —18. 990 
657.4 | .034397 -—19, 112 
652. 1 . 034031 | —19. 162 
766. 6 . 040300 | 19, 022 
19. 078 
+0. 031 
1 in solution III 
q NaCl — AH (25 °C) 
j mole kj/mole 
212.17 | 0.029920 7.091 
198. 93 028985 6. 863 
204. 40 : —6, 822 
207. 76 . 02866 7. 241 
211. 11 . 029950 7. 049 
200. 40 . 028847 —6. 947 
—7. 002 
+0. 064 
(3) 


21.166 +0.202 kj/mole, 


3.850 +0.112 kj/mole, 


+ 0.096 kj/mole, 


19.078 +0.062 kj/mole, 


7.002 +0.128 kj/mole, 


(4) 


(5) 


(6) 








KCI0,(c) +[I]=[1] + KCIO, (pptd), 
AH (25 °C)=—0.075 +0.030 kj/mole. (8) 
The appropriate combinations of the above equations 
yield the following processes: 


LiClO,(c) + KCl(e) = LiCl(c) + KCIO,(e), 
AH°(25 °C)=- 24.483 +0.260 kj/mole, 


=—5.855 +0.062 kcal/mole, (9) 
NH,CI10,(c) + KCl(c) = NH,Cl(c) + KCIO,(c), 
AH°(25 °C)=—15.405 +0.195 kj/mole, 

=—3.682 +0.047 kcal/mole, (10) 
Nal me) + KC l(c)=N a I(c) + KCI0,(c), 

AH°(25 °C) = —24.243 +0.266 kj/mole, 
=—5.794 +0.064 ke al/mole. (11) 


We have combined the results given in eqs 9, 10, 
and 11 with our value of —4.02 +0.40 kj/mole for 


reported in the preceding paper [7], and with values 

for the heats of formation of KCl(c), LiCl(c) 

NH,Cl(c), and NaCl(c) [2], and have obtained 
following heats of formation: 

LiClO,(c), AHf°(25°C)=—380.27 +1.21 kj/mole 

=—90.89 +0.29 keal/mole, 
—295.98 +1.35 kj/mole 


NH,CI0,(c), AH£° (25 °C)- 
=—70.74 £0.32 keal/mole, 








mole for the heat of formation of LiClO, based on 
the heats of formation of LiIOH(aq) and HCIO,(aq) 
[2]. However, since the heat of formation of 
HCI1O,4(aq) was based on —103.6 keal/mole for the 
heat of formation of KCIO, [2], we have made a 
correction of 0.38 keal to their data, obtaining 


—91.32 keal/mole for the heat of formation of 
LiClO, (c) 

Birky and Hepler [9] measured the heats of solu- 

tion in water, of KCIO,(c), NH,ClO,(c), and 

| LiClO,(c), and obtained —70.63 and —91.11 keal/ 

| mole, respectively, for the heats of formation of 

NH,ClO,(e) and LiClO,(c). Their data are based on 


the heat of formation of KCIO,(c) [7] and on the 
heats of formation of K*(aq), Lit(aq), and NH4*(aq) 
[2]. 

The heats of formation in keal/mole at 25 °C 
obtained by the various investigators are compared 
with the results of the present investigation in the 


| following tabulation: 
the heat of decomposition of potassium perchlorate, | 


| _ {8}. 
| Birky and Hepler [9] 


NaClO,(c), AHf°(25 °C)= —382.75 +0.93 kj/mole 
=—91.48 +0.22 kcal/mole. | 
6. Discussion 
Rossini, Wagman, Evans, Levine, and Jaffe [2] | 


have selected —69.42 and —92.18 keal/ mole, respec- | 


tively, for the standard heats of formation of 
NH,CIO,(c) and NaClO,(c), based upon the data 
prior to 1950. However, since these values were 
based on —103.6 keal/mole for the heat of formation 
of KCIO,;, we have made a correction of 0.38 keal/ 
mole and have obtained —69.04 and —91.80 a 
mole, respectively, for NHsClOx(ce) and NaClO,( 
Markowitz, Harris, and Stewart [8] measured . 


heats of reaction between aqueous solutions of | 


LiOH and HCIO,, and the heat of solution, in water, 
of anhydrous LiClO,. They obtained —91.70 keal/ 


70 


LiC1O, NHyClO,4 NaCloO, 


| — 69.04 | 
| 
| } 


2). 
Markowitz, Harris, and Stewart 91. 32 | ‘ | 
{ | 


Rossini, Wagman, Evans, et al —91. 80 
9) 


—70, 63 = 
This investigation 70. 7440. 32 | —91. 48+0. 22 
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| Heat of Formation of N-Dimethylaminodiborane 


Walter H. Johnson, Irving Jaffe, and Edward J. Prosen 
(October 5, 1960) 


The heat of reaction of N-dimethylaminodiborane with water has been determined 
according to the reaction: 
i (CH3).N B2H;(g) + 6H20 liq) = (CH3)2NH (g) + 2H;BO3;(c) + 5H2(g), 


AH (25 °C) = —374.99+ 2.71 kj/mole 
-89.62+ 0.65 keal/mole. 


A combination of this value with the heat of vaporization, and with the heats of formation 
of borie acid, dimethylamine, and water gives for liquid N-dimethylaminodiborane: 


AHf°(25 °C) 36.22 +0.75 keal/mole. 
1. Introduction , +0.001 °C during each experiment by means of a 
thermostat. 
The measurement of heats of reaction and forma- The purity of the N-dimethylaminodiborane was 


tion of boron hydrides and related compounds gener- | determined to be 99.94 mole percent from calori- 
ally presents some interesting problems. These | metric melting-point determination [5]. The sample 
materials, unlike compounds of carbon, hydrogen, | was stored at —20 °C in a sealed ampoule with an 
and oxygen, do not. burn completely in an oxygen | internal breakoff. After each experiment, the 
bomb. <A detonation usually occurs upon ignition | material remaining was transferred to another 
and the combustion products include variable | similar ampoule and sealed in vacuo. By this 
amounts of a residue which is insoluble even in | method, all contact of the material with air or mois- 


; strong acids. ture was avoided and the temperature was kept at 
In general the boron hydrides and their compounds | or below 0 °C. 
may be thermally decomposed; this is perhaps the The helium was passed through a tube containing 


best method for determination of the heats of for- | copper oxide at 600 °C and through three absorbers 
mation of boron hydrides although a rather high | containing, respectively, Ascarite, anhydrous mag- 
temperature is required. When, however, the com- | nesium perchlorate, and phosphorus pentoxide to 
pound contains additional elements, such as carbon | remove possible traces of combustible material and 
and nitrogen, the reactivity of boron at elevated | water vapor. 
| temperatures is likely to lead to the production of The dimethylamine was obtained from the Math- 
varying amounts of boron carbide and boron nitride. | eson Company, who certified it to have a purity of 
A hydrolysis method, although usually longer and | not less than 98.2 percent. The purity was deter- 
more involved, has one distinct advantage, in that | mined to be 98.7 mole percent from infrared spectral 
the composition and thermodynamic state of the | data,’ the impurities consisting chiefly of methyla- 
reaction products are usually well defined. It was | mine and ammonia. 
for this reason that, for the present investigation, The boric acid was reagent-grade material, re- 
the combustion method was abandoned in favor | crystallized from water and dried in vacuo. Titra- 
of the hydrolysis method. The heats of reaction | tion with standard alkali in the presence of 
of N-dimethylaminodiborane and dimethylamine | p-mannitol indicated the purity to be 99.9 percent 
with aqueous sulfuric acid were measured; by com- | by weight. 


bining these heats with appropriate auxiliary data The sulfuric acid solution was prepared by diluting 
we have obtained a value for the heat of formation | concentrated, reagent-grade acid. The concentra- 
of N-dimethylaminodiborane. tion was adjusted to 1.0 N by titration with standard 


alkali solution. 
2. Apparatus and Materials | 
3. Procedure 


The calorimetric and thermometric systems and 
the apparatus for measurement of electrical energy 
have been described [1 to 4].2 The temperature of 
the calorimeter jacket was controlled at approxi- 
mately 27 °C and was maintained constant within 


3.1. Hydrolysis of N-Dimethylaminodiborane 


The liquid N-dimethylaminodiborane was con- 
tained in a bubbler vessel which was immersed in an 
! Present address: Naval Ordnance Laboratory, Chemical Research Dept., 


Physical Chemistry Division, Washington, D.C. 8 Obtained by J. E. Stewart, formerly of the Gas Chemistry Section of the 
2 Figures in brackets indicate the literature references at the end of this paper Chemistry Division. 
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ice-water bath. The calorimetric vessel was filled 
with 1-N sulfuric acid, the total quantity of which 
was carefully reproduced from experiment to experi- 
ment. The calorimetric vessel and heater were then 
transferred to the calorimeter together with 4687 g 
of water, the calorimeter was assembled, and the 
platinum resistance thermometer was inserted. 

The calorimeter was electrically preheated to the 
desired initial temperature (26.6 °C) and the vessel 
was flushed with purified helium. When thermal 
equilibrium was established the helium was switched 
to bypass the vessel. Calorimeter temperatures 
were observed at 2-min intervals during a 20-min 
initial rating period, after which helium, saturated 
with N-dimethylaminodiborane, was bubbled 
through the solution for 40 min. The vessel was 
then flushed with helium for 20 min, after which the 
helium was by-passed. Calorimeter temperatures 
were observed at 1-min intervals during the 60-min 
‘Teaction” period and at 2-min intervals during the 
20-min final rating period. 

The water which vaporized from the vessel during 
the initial flushing before the experiment, was col- 
lected in a weighed absorption-tube containing 
anhydrous magnesium perchlorate and phosphorus 
pentoxide [1]. This quantity of water represented 
a change in the concentration of the sulfuric acid 
solution in the reaction vessel, as well as a change in 
the energy equivalent of the calorimetric system; the 
corrections for these changes, however, turned out to 
be negligible. 

The helium, the hydrogen, and the water vaporized 
during the experiment were passed successively 
through a weighed water-absorption tube, an oxidizer 
containing copper oxide at 600 °C, a second water- 
absorption tube, and a capillary flowmeter. The 
water vaporized from the sulfuric acid solution was 
collected in the first absorption-tube. The helium 
and hydrogen passed through the oxidizer, in which 
the hydrogen was burned to water, which was col- 
lected in the second absorption tube. The rate of 
flow of the helium was determined by means of the 
capillary flowmeter. 

The mass of water collected in the first absorption 
tube served for calculation of the correction to be 
applied for the heat of vaporization of water from the 
sulfuric acid solution during the experiment. The 
mass of water collected in the second absorption tube 
was used to determine the amount of the chemical 
reaction. 

In some cases, the resulting solutions were analyzed 
for boric acid and for dimethylamine. The results 
obtained were in substantial agreement with the 
stoichiometric ratios among dimethylamine, boric 
acid, and hydrogen. 

The volume of helium was determined from rate 
and time observations. The helium and the N- 
dimethylaminodiborane vapor were assumed to be 
at room temperature when they entered the calorim- 
eter; the helium, hydrogen, and water vapor were 
assumed to be at the mean temperature of the 
calorimeter upon leaving the system. These data 
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were required only for the small correction for the 
heat capacity of the gas. 
rr’ We . . . 
The calorimetric system was calibrated with 
electrical energy by use of the same general procedure 


except that no N-dimethylaminodiborane was intro- 
duced. 


3.2. Neutralization of Dimethylamine 


The experiments on the heat of neutralization of 
dimethylamine were performed with the same calori- 
metric system and experimental procedure as for 
N-dimethylaminodiborane. The gaseous dimethyl- 
amine was introduced under its own vapor pressure; 
helium was used for flushing the vessel before and 

f . . . . 
after the experiment and also during the addition of 
the dimethylamine. 

rt’ ° . ° . 

Che quantity of reaction was determined by analys- 
° : . : ° m vak 
ing the resulting solution for dimethylamine. The 
solution was placed in a distilling flask fitted with a 
condenser and a dropping funnel. Sodium hydrox- 
ide solution (10-N) was added slowly, and the 
dimethylamine vapors were collected in an excess of 
standard 0.2-N sulfuric acid. The flask was then 
slowly heated until about one-fourth of the liquid 
had distilled. The excess sulfuric acid was titrated 
using standard sodium hydroxide. 


4. Units and Conversion Factors 


The unit of energy is the joule, obtained in terms 
of the volt, the ohm, and the mean solar second by 
reference to standards maintained at NBS. For 
conversion to the conventional thermochemical 
calorie, one calorie is equivalent to 4.1840 joules. 

All atomic weights were taken from the 1957 
International Table of Atomic Weights [6]. 


5. Results and Calculations 


The results of the calibration experiments are given 
in table 1. The electrical energy (/), corrected for 
the heat of vaporization of water (q,a,) and for the 


TABLE 1. Results of the calibration experiments 
Experiment No. ARe E Qeap de EB, 
ohm j j j jlohm 
1 0. 029074 6427.8 —72.3 1.3 218553 
2 . 036437 8182.8 —210.6 2.2 218734 
3 028290 6359. 1 —169. 4 2.8 218696 
4 036988 8337. 1 — 238.3 -2.1 218901 
5 . 039794 9001. 7 —311.9 0.4 218380 
6... 036701 8163. 1 130. 2 0.7 218855 
Mean nies ic 218686 
Standard deviation of the mean — : +79 


heat carried into the system by the helium (q,), and 
divided by the corrected temperature rise (Ac) 
[7] yields the energy equivalent of the calorimeter 
system (£;). 

The results of the experiments on the hydrolysis of 
N-dimethylaminodiborane are given in table 2. The 
product of /, and ARc, when corrected for the vapori- 
zation of water (q.a,) and for the energy contributed 
by the helium and the dimethylamine vapor, (q,), gives 
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Results of the experiments with N-dimethylaminodi- 
borane 


TABLE 2. 


Experiment No. ARe Qeap de CH3)oN BoHs AH (26.86 °C) 
ohm j j mole kj/mole 
& 0. 013645 200. 0 1.8 0. 007288 437. 54 
2. . 023949 454.0 11. ¢ . 012850 443. 81 
3. . 009435 201.3 5. 1 005198 436. 65 
4 . 020334 243. 2 15 . 010729 438, 02 
5. . 023506 310.7 7.0 . 012473 437. 59 
Mean 438. 72 
Standard deviation of the mean +1. 29 


the actual amount of energy evolved in the experimen- 
tal process. The ratio between this amount of energy 
and the quantity of reaction yields the heat of 
reaction at the final temperature of the calorimeter 
(26.86 °C). 

The following molar and apparent molal heat- 
capacities, in j/°C mole, were used for correcting the 
data to the process at 25 °C: 


(CH;)2.NB.H;(g) Cp=117 [S], 
H,O (liq) Co=75. 3 [9], 
H,SO,(aq, 1 .V) &Cp=50 [10], 
(CH;),.NH-H.SO, &Cp S84 (estimated), 
(aq, m=0.04) 
H;BO3(aq, m=0.08) Cp -82 (estimated), 
H,(g) Cp=28. 8 [9], 
(CH;).NH(g) Cp=63 (estimated). 


The results, corrected to 25 °C correspond to the 


average process: 
(CH3).NB.H;(g) +[13.75H.SO,+ 1506H,O] (soln) 


=[12.75H.SO,+ (CH3).NH-H,SO,+2 H;BO; 
1500 H,O](soln) +5 H,(g), 
AH (25 °C) = —437.69+2.58 kj/mole, 
-104.61+0.62 keal/mole. (1) 
The results of the experiments on the neutraliza- 
tion of dimethylamine in dilute sulfuric acid are given 
in table 3. The results, corrected to 25 °C, corre- 
spond to the average process: 


TABLE 3, Results of the experiments with dimethylamine 


Experiment No ARc Ove oP CHs).oNH ATI (26.83 °C 
ohm j nole kj/mole 
® 0. 027477 100. 2 7.0 0. 05717 106, 98 
a 028560 102.4 0 O6OO1LT 105. 47 
3 032783 143. 4 -7.0 . 06832 106. 93 
es . 027273 199. 0 1,2 O5816 105. 95 
5 . 021964 87.4 22.6 04579 106. 31 
i” a 016012 142. 1 21.1 . 03453 104. 91 
Mean 106. 09 
Standard deviation of the mean +0, 33 


(CH3).NH(g)+[13.75 H.SO,4 1500 }H.O] (soln) 
[12.75 H.SO,+(CH;) NH-H.SO, 
+-1500 H,O] (soln), 


AH (25 °C) =—106.04+0.67 kj/mole, 


—25.34+0.16 keal/mole. 
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It seemed highly probable that the heat of solution 
of boric acid in the dilute sulfuric acid-dimethylamine 
sulfate solution would be very nearly the same as in 
pure water. This was verified when samples of 
boric acid, added to the dimethylamine-sulfuric acid 
solution, yielded results corresponding to the process: 


2 H;BO;(e) + 
1500 H.O}](soln) 
(CH;)2.NH-H.SO, T 2 H,BO, « 1500 H,O] (soln), 


[12:75 H.sSO, T (CH;).NH-H,SO, 
[12.75 H.SO, 


AH (25° C) =43 
10 


.34+0.66 kj/mole, 


.36+0.16 keal/mole. (3) 
The uncertainties assigned to the above values have 
been taken as twice the standard deviation of the 
mean of the experimental data combined with 
reasonable estimates of all other known sources of 
error. 

The combination of eqs 1, 2, and 3 gives for the 
reaction of N-dimethylaminodiborane with water: 


(CH;).N B.H;(g) 
(CH;).NH(g) 


-374.99 + 


+-6 HO (liq) 
T 2 H,BO,(ce) 4 5 H,(g), 


AH (25° C) 2.71 kj/mole, 


-89.62+0.65 keal/mole. (4) 

Jaffe [11] obtained —416.71+0.10 keal/mole for 
the heat of combustion of liquid dimethylamine at 
25°C. We have calculated the heat of vaporization 
of dimethylamine at 25 °C to be 6.03+0.03 keal/ 
mole, from the heat capacity data of Felsing and 
Jessen [12] and the heat-of-vaporization data of 
Aston, Edinoff, and Forster [13]. The resulting 
heat of combustion of gaseous dimethylamine 
(—422.74+0.11 kcal/mole), combined with the 
heats of formation of CO,.(g) and H,O(liq) [9], 
vields —4.47+0.12 kcal/mole for the heat of forma- 
tion of gaseous dimethylamine. 

<quation (4) together with the heats of formation 
of gaseous dimethylamine (above), liquid water [9], 
and crystalline boric acid (—262.16+0.32 keal/ 
mole) [1], gives for gaseous N-dimethylamino- 
diborane: AHf°(25 °C)=—29.24+0.80 kcal/mole. 


6. Discussion 


Before the hydrolysis method was adopted, several 
experiments were performed in an attempt to meas- 
ure the heat of combustion of N-dimethylamino- 
diborane in an oxygen bomb. In each case a dark 
residue was formed which was not completely 
soluble in concentrated nitric acid. This residue 
probably consisted of a mixture of boron carbide, 
boron nitride, boron, and carbon. There was also 
uncertainty regarding the boric acid content of the 


(2) | liquid phase, as well as a possibility of the presence 








Maron, and F. D. Rossini, J. Re- 


of boric oxide. Corrections were applied assuming | [3] E. J. Prosen, F. W. Maro dF. | 
that the deficiencies in the mass of carbon dioxide _ Search NBS 46, 106 (1951) RP2181. ate 
. . ° [4] E. J. Prosen and F. D. Rossini, J. Research NBS 33, 
and in the amount of boric acid were due to the 255 (1944) RP1607. 
formation of carbon and boron. The corrected | [5] G. T. Furukawa, R. E. MeCoskey, M. L. Reilly, and | 
combustion process may be represented by the Taco, J. Research NBS 55, 201 (1955) | Se 
> " ” ya ” ' 
equation: [6] E. Wichers, J. Am. Chem. Soc. 80, 4121 (1958). 
; * : a [7] E. J. Prosen, Chapter 6 in Experimental thermochemis- 
(CH;).NB,H;(liq) + 25/4 O.(g) =2CO,(g) try, F. D. Rossini, ed. (Interscience Publishers, Inc., 
: eee New York, N.Y., 1956). 
+5/2 H,O (liq) +2H;BO,(c) + 1/2 N,(g), [8] W. H. Evans, D. D. Wagman, and E. J. Prosen, unpub- 





eae : lished data, 1956. 

AH (25 °C)=—884.1+4.0 kcal/mole. | [91 F. D. Rossini, D. D. Wagman, W. H. Evans, 8. Levine,. 
and I. Jaffe, Selected values of chemical thermody- 
namic properties, NBS Cire. 500 (U.S. Government 
Printing Office, Washington 25, D.C., 1952). 

{10} D. N. Craig and G. W. Vinal, J. Research NBS 24, 
475 (1940) RP1294. 

{11] I. Jaffe, Master of Science Thesis, Univ. of Maryland, 


The heat of formation of liquid N-dimethylamino- 
diborane, obtained from the combustion data, is | 
found to be —39.1+4.0 kcal/mole. By taking 
6.89+0.05 keal/mole for the heat of vaporization ff 
we obtain —32.2+ 4.0 keal/mole for the heat of [12] W. A Welsine a ene a eee eee 
formation of the gas. The relatively good agreement | 1418 (1933). 
between this value and that obtained by the hy- | [13] J. G. Aston, M. L. Edinoff, and W. 8. Forster, J. Am. 
drolysis method is believed to be fortuitous, in view | Chem. Soe. 61, 1539 (1939). G 
of the assumptions made regarding the nature and ae 
thermodynamic states of the combustion products. | Ps. 
| sing! 
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Separation of Hafnium From Zirconium by Anion Exchange 


John L. Hague and Lawrence A. Machlan 


(September 13, 1960) 


The results of a systematic survey of the elution of hafnium and zirconium in diluted 
sulfuric acid, and in solutions of hydrochloric and sulfuric acids in water, are presented. 
The data characterize the behavior of the sulfate anion complexes of these elements on a 


strong quaternary-amine anion-exchange resin column. 


elements is demonstrated. 


1. Introduction 


G. Hevesy has written that [6]! “In view of the 
great similarity between hafnium and zirconium, it 
is hardly possible to separate these two elements in a 
single operation.”” A simple one-step separation 
adequate for analytical work has still to be developed 
for hafnium-zirconium mixtures, although recent 
work employing ion exchange has developed suitable 
methods for the separation of niobium from tantalum 
[5, 9, 10] and of molybdenum from tungsten [2, 9, 
10], and a promising start has even been made on 
separating the rare earths [12]. 


Previous work on zirconium-hafnium mixtures 
has shown that fractionation on anion-exchange 


resins can be obtained by elution with aqueous solu- 
tions of hydrochloric and hydrofluoric acids [7, 8]; 
or by using diluted sulfuric acid, or nitric-citric acid 
solutions on cation-exchange resin-columns [1, 11]. 
Preliminary work has shown that it is not feasible, 
within convenient column parameters and eluant 
acidities, to obtain a one-step separation in a hydro- 
chloric acid medium, in hydrochloric-hydrofluoric 
acid solutions, or in sulfuric-hydrofluoric acid solu- 
tions. 

Several different hydrochloric-sulfurie acid solu- 
tions appeared to provide usable separations, but 
difficulties were encountered which appeared to be 
associated with the polymerization and eventual 
hydrolysis of zirconium ions. The results of experi- 
ments with sulfuric acid solutions indicate that a 
satisfactory separation of hafnium from zirconium 
can be obtained. 


2. Experimental Procedures 


2.1. Ion-Exchange Columns 


The columns used in these experiments were con- 
structed of polystyrene tubes approximately 12 in. 
long and 1 in.i.d. A simple column can be prepared 
from such tubing as follows: Insert a piece of poly- 
styrene tubing 6 in. long, %¢ in. o.d. (with a Me in. 


1 Figures in brackets indicate the literature references at the end of this paper. 





The possibility of separating these 


wall) through a No. 5 waxed, rubber stopper, so that 
one end of the tubing is flush with the small end of 
the stopper. Attach another 6 in. length of the same 
tubing with a 2-in. length of Tygon R tubing. Close 
the bottom of the one-in. i.d. tube by inserting the 
rubber stopper. Attach a hose-cock clamp, used 
to control the flow rate, to the Tygon tubing. 
Columns suitable for continuous operation have 
previously been described for both glass [3] and 
plastic [4] assemblies, and these are convenient to use 
if a number of analyses are to be performed. 

The anion-exchange resins used were Dowex-l, 
200- to 400-mesh, having 8- or 10-percent of divinyl- 
benzene crosslinkages. Experience during several 
years has shown that the mesh size of these resins 
may vary considerably from lot to lot. To select 
resin of suitable size, the material as received is 
air-dried, and sieved through a 270-mesh sieve. Most 
of the very fine material is removed from the fraction 
passing the 270-mesh sieve, as follows: Prepare a 
suspension of the resin in diluted? hydrochloric 
acid (1+19). The coarser fraction is allowed to 
settle for 10 to 15 minutes, and the fines removed by 
decantation. Repeat the process several times, until 
most of the very fine material is removed from the 
suspension. 

Load the column with resin as follows: Cover the 
bottom of the column with a \- to %-in. layer of 
acid-resistant, polyvinyl chloride plastic ‘‘wool.” 
Add portions of the resin suspension so as to obtain 
a settled column of the resin that is 6- to 7-in. high. 
Wash the loaded column with approximately 100 ml 
of diluted nitric acid (1+ 9), and then perform several 
elution cycles by alternate additions of diluted 
hydrochloric acid (1+9) and diluted hydrochloric 
acid (3-+1) to remove the remaining fines. Finally, 
wash the column with diluted sulfuric acid (1+19), 
to convert the resin to the sulfate form. Approxi- 
mately 350 to 400 ml of sulfuric acid solution will be 
required, and the removal of the chloride can be 
followed by testing portions of the eluate with silver 
nitrate solution. The resin charge should not be 
allowed to become dry. 


2 Diluted hydrochloric acid (1+19) denotes 1 volume of concentrated hydro- 
chloric acid, sp gr 1.18, diluted with 19 volumes of water. If no dilution is speci- 
fled, the concentrated analytical reagent is meant. 
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2.2. Elution Procedure 


Dilute acid solutions which covered the range of 
1 to 3 percent by volume of hydrochloric acid with 
sulfuric acid in the range of 1 to 3.5 percent by 
volume were used. Dilute sulfuric acid solutions 
were also used in the range of 2 to 10 percent by 
volume. For each combination of acids, or each 
concentration of sulfuric acid, elution was continued 
until column equilibration was obtained. Usually, 
300 to 500 ml of eluant was required, and the progress 
of the equilibration was iillosed with sufficient 
accuracy by titration of the acid in an aliquot of the 
eluate. 

The zirconium and hafnium solutions were pre- 
pared by dissolving the “reactor grade” metals, 
usually about 50 mg, in sulfuric-hydrofluoric acid 


solutions. The zirconium was nearly hafnium-free, 
but the hafnium contained several percent of 
zirconium. The solution was evaporated several 


times to fumes of sulfuric acid, and the walls of the 
crucible were washed down with water between 
fumings. The amount of sulfuric acid used was so 
chosen as to give the same concentration in 50 ml as 
was present in the particular eluant being tested. 
For those solutions which were to contain mixed 
acids, the proper amount of hydrochloric acid was 
added before final dilution. 

After dilution to 50 ml, the solution was added to 
the equilibrated ion-exchange column. The first 
25 ml of eluate was discarded, and 50-ml fractions of 
eluate were collected during the addition of eluant. 
These fractions were so adjusted as to contain 
approximately 15 percent of hydrochloric acid, by 


volume, in 200 ml, and then cooled to 5 °C. The 
zirconium or hafnium was precipitated with 


cupferron. The ignited oxide obtained from each 
fraction was weighed and calculated to a percentage 
of the total amount, and the accumulated percentages 
were plotted against volume of eluate. 


3. Results 


Elution With Diluted Hydrochloric-Sulfuric 
Acid Solutions 


3.1. 


The results of a series of experiments covering the 
range of hydrochloric-sulfuric acid concentrations of 
interest in the separation of hafnium-zirconium mix- 
tures are shown in figure 1. The solution containing 
2 percent by volume of sulfuric acid and 1 percent by 
volume of hydrochloric acid seemed to offer some 
promise of a separation, but the “‘sum of the oxides” 
recovered was always a little low. Figure 2 shows 
the results obtained and that, at approximately 2 
liters, a third fraction appeared which contained the 
missing fraction of the elements. The first and 
second curves show the behavior of mixtures of 
approximately 100 mg of each element, and the 
third curve is for approximately 25 mg of each 
element. The extra fraction was examined spectro- 
graphically and found to be very strong in both 
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hafnium and zirconium, but the composition has 
not been unequivocally established, because of the 
possibility of cross contamination due to the sequence 
of runs on the column. The procedure, as a simple 
separation suitable for analytical work, was aban- 
doned. It might prove of interest to those concerned 
with the polymerization and hydrolysis of zirconium 
and hafnium ions in solutions of this nature. 


3.2. Elution With Sulfuric Acid 


The results of our study of the behavior of zir- 
conium and hafnium when eluted with solutions 
containing sulfuric acid are given in figure 3, excep 
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FIGURE 3. 


A‘‘Hafnium” solution; o zirconium.) 


for zirconium in 2-percent sulfuric acid, which was 
nearly, but not completely, eluted at 3 liters. The 
“tail” on the hafnium curves presumably represents 
the zirconium content of the hafnium used in the 
experiments. Resin having 10 percent of divinyl- 
benzene crosslinkages and consisting of particles 
of up to 200-mesh size (about 75 yw), was used in 
obtaining the first five curves in figure 3. The 
column and preparation of the resin have been 
described previously [2]. The fifth curve shows the 
results of an attempt to separate a mixture prepared 
from 100 mg each of hafnium and zirconium. Spec- 
trographic examination of fraction 5 indicated 
hafnium with an undetectable amount of zirconium, 
and, of fraction 16, showed zirconium with an 
undetectable amount of hafnium. Thus, a good 
fractionation of hafnium from zirconium resulted, 
but a clear-cut line of demarcation between the 
hafnium and zirconium fractions was not observed. 

Experience [4, 9] has shown that a separation can 
frequently be improved by proper adjustment of 
column parameters. Accordingly, a column was 
prepared by use of resin with 8 percent of divinyl- 
benzene crosslinkages having a maximum particle- 
sizing of about 50 uw (passing through a 270-mesh 
sieve). A settled bed of resin, approximately 7.5 
in. high, was prepared, and elution was at a flow 
rate of about 100 ml per hour, instead of the 125 ml 
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per hour previously used. Further experiments on 
the elution of hafnium and zirconium in 3.5-percent 
sulfuric acid (line 6 of fig. 3) indicated a considerable 
“sharpening” of the separation. 

The last elution curve in figure 3 illustrates the 
separation of hafnium from zirconium (approx- 
imately 100 mg of each). Approximately 150 ml 
of eluate containing neither element was obtained 
between the respective eluates of the two. <A spec- 
trographic examination of fractions 7 and 8 indicates 
that these hafnium fractions contained 10 to 100 
ppm of zirconium. Similar examination of fraction 
12 showed a composition of zirconium containing 
10 to 100 ppm of hafnium; in fraction 13 hafnium 
was not identified with certainty. Since these small 
fractions close to each other are those most likely 
to exhibit cross-contamination, the separation is 
excellent and well suited to analytical applications. 

A study of the elution of other elements under 
these conditions has not yet been made, although 
a limited number of papers on the elution of sulfates 
now exists [10]. The precipitation procedure em- 
ploving mandelic acid or phosphate provide a 
reasonably specific step for concentration of zir- 
conium and hafnium. Work is in progress to apply 
the separation to mixtures of the elements such as 


exist in “nuclear grade’ hafnium, and to other 
mixtures of interest. 
The authors are indebted to Elizabeth K. Hub- 


bard of the Spectrochemistry Section for her careful 
analysis of the oxide mixtures. These analyses 
permitted the progress of the separations to be 
followed with ease and certainty. 
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Reaction of Sulfur, Hydrogen Sulfide, and Accelerators 
With Propylene and Butadiene’ 


Frederic J. Linnig, Edwin J. Parks, and Leo A. Wall 


(September 9, 1960) 


As part of a study of vulcanization, propylene as a model compound for natural rubber 


has been reacted with sulfur 
terials in the presence of certain accelerators. 


alone, with hydrogen sulfide alone, 
Butadiene as a model compound for intermediate 


and with each of these ma- 


conjugated systems found in vulcanized rubber by means of infrared studies has been simi- 


larly studied. 
products indicate the 
dimethyl dithiocarbamate 


formation of sulfides, 


(ZnDMDC), av uleanization accelerator, 


Results of mass spectrometer analyses of the volatile portions of the reaction 
disulfides, and carbon-to-carbon bonds. 


Zine 
facilitates the formation 


of hydrogen sulfide from the olefin or diolefin in the presence of sulfur, and in turn promotes 


the reaction of hydrogen sulfide with the 


reaction of hydrogen sulfide 


accelerators show that 


olefin and diolefin. 
and sulfur with the diolefin may 
jugation observed in vuleanizates accelerated with ZnDMDC. 
a mechanism other than 


The ZnDMDC-accelerated 
account for the reduced con- 
Studies with free radical 
radical chain mechanism is involved 


a free 


in the formation of diisopropyl sulfide in the reaction of propylene with sulfur (or hydrogen 


sulfide) 
to the 
propylene 
from what 
actions, 


nonvolatile 
Other phases of the 


formation of a 
and sulfur. 


1. Introduction 


The processes involved in the vulcanization of 
natural rubber may be explored from essentially three 
different standpoints. From changes in the physical 
properties during or after vulcanization one may 
deduce that certain changes have occurred in the 
forces holding the long chain molecules together. 
Chemical studies, which are necessary to determine 
the exact nature of these forces or bonds, when 
applied to the polymer itself, can yield only limited 
information because of the difficulty of establishing 
the changes in chemical structure that have taken 


place. The use of model compounds yields much 
more detailed data, but it is recognized that these 
data may not be wholly applicable to the large 


polymer molecules. 

Though much work of all three types has been 
years since vulcanization was dis- 
no general theory of the mechanism of the 
Additional 


covered, 
reaction has as yet been agreed upon. 
and even contradictory data are continually forth- 
coming. Since hydrogenated rubber will not vul- 
canize [1],’ it is apparent that the presence of the 
double bond in rubber must account for its reactivity 
in the vulcanization process. In the present work 
propylene was chosen as a model compound for - 
original olefin present in natural rubber. Its size 

one of the smallest compounds that could be ne 
for this purpose makes possible convenient analysis 


1 This work was presented at the 138th meeting of the American Chemical 


Society, Division of Rubber Chemistry, New York, N.Y., Sept. 1960. 
2 Figures in brackets indicate the literature references at the end of this paper. 


and certain substances that facilitate 
residue in 





appear to be free radical fragments of the original molecule. 
appreciable portions of the reaction products are nonvolatile. 


the reactions. 
the ZnDMDC-accelerated reaction between 
reactions involve the formation of compounds 


The same conclusion applies 


In most of the re- 


of at least part of the reaction products with the 
mass spectrometer 
Infrared work in which natural rubber and squa- 


lene were reacted with sulfur has indicated the likely 


occurrence of double bond shifts leading to the 
presence of 1,4, and 1,3 diolefins [2,3]. Chemical 


studies with maleic anhydride using infrared analysis 
verified the presence of the conjugated dienes [2]. 
Accelerators such as zine dibutyl dithiocarbamate 
and tetramethylthiuram disulfide when added to 
rubber sulfur compounds were found to reduce the 
amount of conjugated double bonds [2]. More 
recently ZnDMDC (zine dimethyl dithiocarbamate) 
has been found to have a similar effect [3]. Bateman, 
Glazebrook, and Moore [4] in their work with dihy- 
dromyrcene have isolated a conjugated triene, allo- 
ocimene. It will be noted that in this case the 
conjugation is produced not by double bond shifts 
but by the introduction of a new double bond. In 
the present work butadiene was chosen as a model 
compound to determine how the conjugated system, ° 
evidently present during vulcanization, would behave 
as an intermediate. Since hydrogen sulfide has long 
been considered as an intermediate in the process, 
its reaction with both olefin and diolefin has also 
been studied. 

The aim of the present work was to identify the 
volatile products of these reactions and to provide 
background information for further detailed study 
of the individual reactions. ZnDMDC has been 
used as a vulcanization accelerator and di-tert-butyl 
peroxide and gamma rays have been used as free 
radical initiators to explore in a general way the 
mechanisms of the reactions. 
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2. Materials 


Propylene: C. P. Grade, quoted 99.0 percent mini- 
mum purity. Mass spectrometer analysis showed 
about 1.0 to 1.5 percent propane. 

Butadiene: Quoted 99.4 percent minimum purity. 

Hydrogen sulfide: Purified grade, quoted 99.5 per- 
cent minimum purity verified by mass spectrom- 
eter analysis. 

Sulfur: Purified by the method of Murphy, Clabaugh, 
and Gilchrist [5j. 

ZnDMDC (zine dimethy! dithiocarbamate) : Vulcani- 
zation accelerator. 

Di-tert-butyl peroxide. 


3. Experimental Procedure 


Air and water were removed in the usual manner 
from the gaseous reagents. Specified amounts of the 
gaseous materials were introduced into evacuated 
3-mm glass tubes 7 in. long into which the required 
amount of liquid or solid reagent had previously been 
weighed. Except in the case of the reactant blanks 
in table 2, about 610~* mole of total gas was used 
per sample in a volume of about 0.44 ml. The 
quantities of reactants given in the tables are 
approximate. 

After reaction st 130° C for 4 days, each tube was 
placed in a glass apparatus equipped with a glass 
plunger for breaking the 3-mm tubing. The glass 
apparatus was then evacuated and sealed. The 
part containing the tube was frozen in liquid nitrogen, 
the tube broken with the plunger, and the gases 
allowed to expand into the larger volume to a pres- 
sure of about 1/4 atm. 

The volatile portions of the samples were analyzed 
in a mass spectrometer. Fractions volatile at liquid 
nitrogen temperature (—196° C), dry ice tempera- 
ture (—78° C), and room temperature (25° C) were 
analyzed separately, pumping off the gases volatile 
at the lower temperature before distilling off the 
material volatile at the next higher temperature. 

The nonvolatile residue of a sample in which 
propylene and sulfur were reacted and one in which 
propylene, sulfur, and ZnDMDC were reacted, were 
extracted with n-hexane in an attempt to separate 
the sulfurated reaction product from the remainder 
of the residue. A few exploratory experiments have 
been made on the second above-mentioned residue 
using infrared and gas chromatographic techniques. 
In other cases a change in the appearance of the 
original solid or the formation of oily or viscous 
material has been noted as the formation of a non- 
volatile residue. 


4. Results 


Yields of reaction products are presented in tables 
1 to 5. Except where more than one isomer of 
propyl! sulfide is indicated, the values in the tables 
include small proportions of the other isomers of 
this compound. 
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It will be noted that the recovery is quite low even 
in cases where little nonvolatile residue is formed. 
The reason for this apparent low recovery is not yet 
clear, but it does not interfere with a qualitative and 
roughly quantitative interpretation of the data. In 
spite of the extended reaction period involved, the 
extent of reaction is sometimes small, a fact probably 
due to the gas-solid or gas-liquid-solid systems 
involved. 


4.1. Propylene, Sulfur, and Accelerators 


The results obtained with propylene, sulfur, and 
accelerators are given in table 1. 

The formation of propadiene in the presence of 
sulfur involves loss of hydrogen—though no free 
hydrogen was detected—-with the introduction of 
a new double bond. The fact that propadiene is 
not formed in the presence of ZnDMDC is similar 
to the reduction of conjugation in accelerated rubber 
vuleanizates [3] assuming, of course, that this con- 
jugation is also produced by the introduction of a 
new double bond [4]. Diisopropy! sulfide is one of 
the principal volatile products formed in all four 
reactions and the quantity formed is not increased 
in the presence of the free radical accelerator, di- 
tert-butyl peroxide; it is, in fact, notably reduced in 
amount in the presence of gamma rays, indicating 
that this product of the reactions may result from 
something other than a free radical chain mechanism. 
It might be noted, however, that the work of Moore 
[6] on the hydrogenation of propylene suggests that 
isopropy! sulfide radical, if formed, could add to the 
central carbon atom of propylene and hence produce 
diisopropyl sulfide. It should be noted that the 
formation of the 2,5-dimethylthiophene involves the 
production of a carbon-to-carbon bond. 

The reactant “blanks” in table 2 show that carbon 
disulfide is not found when ZnDMDC is heated alone 
or with sulfur, but is found in the presence of propy- 
lene. Table 2 indicates that hydrogen sulfide is not 
detected when ZnDMDC is heated alone but is de- 
tected in the presence of sulfur. This last quantity 
is, however, only about 0.75 percent of the amount 
obtained in the presence of propylene and sulfur 
reported in table 1. 

Many workers have reported on or discussed the 
presence or absence of hydrogen sulfide in connection 
with vulcanization studies using rubber or model 
compounds under a variety of conditions [7—43]. 
Wolesensky [44] reviews some of the earlier work in 
this regard. Wolesensky [44] and Cummings [45] 
noted the evolution of hydrogen sulfide from vul- 
canizates between room temperature and the tem- 
perature of complete thermal decomposition. Bloom- 
field [46] and Farmer and Shipley [34, 36] discuss the 
formation of hydrogen sulfide when polysulfides are 
heated at different temperatures, polysulfides having 
been reported among the products formed in the 
reaction of olefins with sulfur [34, 36]. 
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TABLE 1. Reaction of propylene, sulfur, and accelerators * 


Yield > in presence of accelerators 


Products 


No Di-tert- | Gamma 
acceler- ZnDMDC butyl rays 4 
ator peroxide « 

Diisopropy! sulfide 0. 66 0. 61 0. 27 0. 024 
Diisopropy] disulfide e1 e013 
Methyl-n-hexy] sulfide e014 
Methyl isopropy] sulfide ©. 004 
Dimethyl] trisulfide “ ©, 003 
2- Methylthiophene . 0014 
2,5-Dimethylthiophene 04 O17 . 
2,3,4-Trimethylthiophene : 0041 
Carbon disulfide_- 2.0 
Hydrogen sulfide 1.6 
3-Methylpentane 017 
3-Methyl-1-pentene 021 
Trans-2-pentene 013 
Propane ae | 
Propadiene «4 e,2 
Methane___. 038 . 00086 
Hydrogen ©. OOO8 O18 
Propylene 48.8 3 34.7 15.9 
Nonvolatile residue Slight Considerable Yes Yes 


ed tubes at 130 °C for 4 days. About 0.025 g 
of sulfur or sulfur plus ZnDMDC (zine 
dimethyl! dithiocarbamate) in a 2:1 ratio A bout 0.002 g of di-tert-buty] peroxide 
was used in the experiment with this catalyst. The reactants were exposed at 
130 °C to a 1700-curie cobalt-60 source in the gamma radiation experiment 

b Yield number of moles of gaseous product or residual propylene X 100, 

re initial number of moles of propylene ’ 

Average values of analyses of duplicate tubes are given except where noted. 

* The room temperature fractions of these tubes contained large portions of un- 
identified material 

1 Based on one reaction tube 

Value based on analysis of one tube; not found in analysis of second tube. 

f Value based on analysis of one tube; found in second tube, but not computed 

quantitatively. 


« The materials were heated in seal 
of propylene was used with about 0.1 ¢g 


Reaction of zinc dimethyl dithiocarbamate 
(ZnDMDC) with other reactants * 


TABLE 2. 


Yield > in presence of ZnDMDC 
Products 
ZnDMDC Sulfur Propylene | Hydrogen 
ilone 0.067 g) (0,025 g) sulfide 
(0.014 g) 
Methyl! mereaptan - 0.09 
Carbon disulfide ia d 51 
Hydrogen sulfide e 0.012 60.7 
Propane _. 1.5 
Propylene ¥ 82.9 
Nonvolatile residue No Yes Possibly Yes 


* The materials were heated in sealed tubes at 130 °C for 4 days. About 0.033 g 


of ZnDMDC was used in each experiment 

b Yiela= Dumber of moles of gaseous product or residual gas & 100. 

initial number of moles of gaseous reactant 

e Analysis showed small amounts of C4H¢ in all fractions and CsH,. in the room 
temperature fraction, evidently as contamination in the spectrometer. 

4 The hydrogen sulfide used probably contained about 0.1 percent carbon disul- 
fide as an impurity. 

e Calculated relative to 0.025 g of propylene ordinarily used, 


Studebaker and Nabors [7] found that purified 
sulfur produced appreciably less hydrogen sulfide 
when heated with carbon blacks than did ordinary 
reagent grade sulfur, and that purified sulfur heated 
with squalene produced only traces of hydrogen 
sulfide. The results of Studebaker and Nabors [7] 
also indicate that some hydrogen sulfide is produced 
when reagent grade sulfur is heated alone and that 
this quantity is greater than when purified sulfur is 
used. 
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Stevens and Stevens [29] reacted large quantities 
of sulfur (200 and 1000 phr)® at 100 °C for 168 hr 
in a liquid mixture of o- and p-dichlorobenzenes with 
20 phr zine oxide and 20 phr zine diethyl! dithiocarba- 
mate to produce an abundance of hydrogen sulfide, 
especially in the reaction employing 1000 “phr sulfur, 
presumably due to the large excess of sulfur and the 
completeness of the reaction with the double bond 
in rubber. In our work we also used an excess of 
sulfur as well as long reaction periods, and in the 
presence of ZnDMDC recovered very little propy- 
lene. 

The quantity of propane reported in column 2 of 
the numerical data in table 1 is close to the amount 
present as an impurity in the original propylene as 
indicated by mass spectrometric analysis. 

As indicated above, ZnDMDC markedly reduces 
the quantity of residual propylene, thus increasing 
the amount of nonvolatile residue, whereas a heavy 
dose of gamma rays does not affect greatly the extent 
of overall reaction. However, there appears to be 
some reduction in the amount of residual propylene 
in the presence of the perioxide used in small amounts. 
Nevertheless, in the overall view, there is little evi- 
dence of a free radical chain mechanism being in- 
volved in the formation of the nonvolatile residue in 
the tube containing ZnDMDC. Infrared spectra of 
this nonvolatile residue indicate that it is not merely 
polypropylene. Gas chromatographic separation of 
the portion of this residue extractable with n-hexane 
yields at least three very broad bands and the pyro- 
lyzate of this same material yields about 12 peaks, 
both results indicating a material of high molecular 
weight and perhaps a high degree of complexity. 

The presence of methyl-n-hexyl sulfide, methyl 
isopropyl sulfide, and dimethyl trisulfide in the 
reaction in which the peroxide was used, suggests 
that free radicals do aid in the formation of sulfur 
compounds through fragmentation and rearrange- 
ment. However, some of the fragments may have 
come from the peroxide itself. The formation of 
methane and hydrogen in the presence of both free 
radical accelerators and the formation of 3-methyl- 


pentane, 3-methyl-l-pentene, and _ trans-2-pentene 
in the presence of gamma rays are evidences of 


reactions not involving sulfur. 
4.2. Propylene, Hydrogen Sulfide, and Accelerotors 


The results obtained by reacting propylene with 
hydrogen sulfide and accelerators are given in table 
3. 

Little reaction takes place in the absence of an 
accelerator in agreement with previous findings [47] 
even when reaction was attempted at 180 °C. 
Naylor [33] gives references in which a variety of 
“catalysts’’ were employed for this type of reaction. 
The presence of a small amount of sulfur produces 
more diisopropyl sulfide than was produced in the 
reaction between propylene and sulfur alone (though 
the sulfur was present in larger amounts than here), 


3 phr=parts per hundred parts of rubber. 











indicating the effect of this element in promoting 
the reaction between propylene and hydrogen sul- 
fide. Some isopropyl mercaptan may also be formed 
(see footnote c of table 3). These results are in 
agreement with those of Jones and Reid [47] obtained 
at 180°C except that they do not report finding 
methyl ethyl sulfide, ethane, and_ ethylene. 
ZnDMDC produces an appreciable quantity of 
diisopropyl sulfide. 


TABLE 3. Reaction of propylene, hydrogen sulfide, and 
accelerators * 





Yield > in presence of accelerators 
Products ; 
No accel- 


Sulfur ZnDMDC} Gamma 
erator (0.0023 g) (0.033 g) rays 

Di-n-propy! sulfide_____ _- 2.9 
n-Propy] isopropyl] sulfide _- a es 2.4 
Diisopropy] sulfide____- 4.6 4.9 
Methyl isopropy] sulfide ; 0.14 
Methyl ethyl sulfide ¢ (0.72 i 0.15 
n-Propyl mercaptan___ 1.9 
Carbon disulfide 2.3 | 0.06 
Propane_ 0.4 . 98 .78 
Ethane__- . 33 
Ethylene .33 . 20 
Hydrogen Trace 
Propylene 28.4 17.0 46.1 11.3 
Hydrogen sulfide remaining 

mole % 44.3 24.4 38.0 10.0 
Nonvolatile residue No Probably Yes | Yes 


a The materials were heated in sealed tubes at 130°C for 4days. About 0.017 g 
of propylene was used with about 0.007 g of hydrogen sulfide in each experiment. 
The reactants were exposed at 130 °C to a 1700-curie cobalt-60 source in the gamma 
radiation experiment. 


_ number of moles of gaseous product or residual propylene X 100 


> Yield —— . 
initial number of moles of propylene 


Analysis shows about 50 percent of this constituent could be isopropyl mer- 
captan. 


The information presented in section 4.1 indicates 
that one function of ZnDMDC in vulcanization may 
be to produce hydrogen sulfide in the presence of 
sulfur and the olefin. The data in table 3, if applied 
to rubber, suggest that ZnDMDC will also promote 
the reaction of the double bond with any hydrogen 
sulfide formed during ordinary vulcanization. This 
last reaction coupled with the “catalytic” effect of 
sulfur should keep the amount of free hydrogen 
sulfide at a low level because it is formed and reacted 
in the rubber where it cannot readily escape. 

Failure to find additional diisopropy! sulfide when 
ZnDMDC was used in the propylene sulfur reaction 
appears to be due to the fact that too little hydrogen 
sulfide was formed to affect appreciably the reaction 
in this type of system. Furthermore some of the 
reaction product of ZnDMDC, propylene, and 
hydrogen sulfide in the presence of sulfur may be 
nonvolatile and appear in the residue, as it also 
seems to do in column 3 of the numerical data in 
table 3. Many workers have suggested a variety of 
ways in which hydrogen sulfide could play a part in 
vulcanization [7-9, 11, 13-15, 18-21, 23-28, 30-41, 
48-51]. 

The amount of carbon disulfide in column 3 of 
the numerical data is about equal to that formed in 
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the propylene-ZnDMDC, and hydrogen sulfide- 
ZnDMDC “blanks” combined (table 2). 

The formation of n-propyl mercaptan, di-n-propyl 
sulfide, and n-propyl isopropy! sulfide in the presence 
of gamma rays indicates a considerable amount of 
abnormal addition contrary to Markownikoft’s rule, 
including the formation of n-propyl merecaptan as 
an intermediate in the production of the sulfides. 
This type of reaction has for some time been con- 
sidered as evidence of a free radical chain mechanism 
[30, 52, 53]. The formation of diisopropyl sulfide 
with either sulfur or ZnDMDC is an indication of a 
mechanism other than a free radical chain reaction. 
A polar mechanism was indicated by Naylor [80] 
for the “sulfur-catalyzed”’ reaction of hydrogen 
sulfide with an olefin. 

Breakdown of the original propylene is indicated 
by the formation of hydrogen (if not present as a 
residual gas in the spectrometer) in the first column 
of numerical data, the formation of methyl ethyl 
sulfide, ethane, and ethylene in the second column, 
and the formation of methyl isopropyl sulfide in the 
third column. The methyl fragment producing the 
methyl isopropyl sulfide in the third column may 
have come from the ZnDMDC. The formation of 
methyl ethyl sulfide, carbon disulfide, and ethylene 
is evidence of breakdown in the presence of gamma 
rays. 

Some nonvolatile residue is formed in the presence 
of ZnDMDC, but the low recovery of hydrogen 
sulfide and propylene in the presence of gamma rays 
suggests that a large portion of these reactants has 
produced a nonvolatile product. 


4.3. Butadiene, Sulfur, and ZnDMDC 


The results obtained when butadiene is reacted 
with sulfur alone and with sulfur and ZnDMDC 
are given in table 4. 


TaBLE 4. Reaction of butadiene, sulfur, and zinc dimethyl 

dithiocarbamate (Zn DM DC)« 

Yield t 
Products a 
Sulfur (0.1 g Sulfur (0.067 g 
iZnDMDC (0.033 g) 

Methyl ethy!] sulfide 0. 044 
Thiophene (0. 12 . 68 
Carbon disulfide .14 
Hydrogen sulfide 036 6.17 
Butene 87 ies 
Ethylene 14 
Diacetylene . 036 
Methane .14 
Butadiene 67 
Nonvolatile residue Yes Yes 


® The materials were heated in sealed tubes at 130 °C for 4 days. About 0.032 g 
of butadiene was used in each experiment. ; ’ 
ie number of moles of gaseous product or residual butadiene X100 
» Yield= - : tanto 
initial number of moles of butadiene 


The formation of thiophene is facilitated somewhat 
by ZnDMDC. The relatively large quantity of 
hydrogen sulfide formed in the presence of ZnDMDC 
is consistent with the results of the propylene studies 
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le- In this case the carbon disulfide is probably also The formation of methyl ethyl sulfide and ethyl 
related to a reaction between an olefin and ZnDMDC | mercaptan when the two gases are reacted alone 
vl as indicated by the propylene-ZnDMDC “blank” in | gives evidence of some reaction in contrast with the 
ce table 2. The remaining compounds formed in both | results obtained with propylene. Their formation 
of reactions appear to result from fragmentation of the | also shows evidence of fragmentation and hydrogen 
le, original butadiene, rearrangement, and hydrogen | migration. The small amount of residual butadiene 
as migration. Again, the methyl group in methyl | and the presence of the unsaturated hydrocarbon 
PS. ethyl sulfide may result from decomposition of the | CsHi give evidence of the tendency of butadiene to 
n- ZnDMDC. polymerize and dimerize under these conditions. 
mn Some residual butadiene exists in the presence of | The relatively large quantity of residual hydrogen 
de sulfur alone, but none when ZnDMDC is also present. | sulfide indicates that the major portion of the non- 
a This result is consistent with the reduced conjugation | volatile residue is polymer and not sulfurated reaction 
n. present in vulcanizates accelerated with ZnDMDC [3]. | product. = 
0] However, the opportunity for polymerization of the The presence of ZnDMDC produces as _ usual 
en conjugated system in vulcanizing rubber should be | carbon disulfide as well as a butene. Nearly all of 
much less than in the case of butadiene itself and | the butadiene and all of the hydrogen sulfide seem 
ed should lead to larger equilibrium concentrations of | to have produced a nonvolatile residue. It is 
‘ conjugated systems in both types of vuleanizates. | apparent that this nonvolatile residue is not entirely 
in In the present work, the polymerized butadiene | polymeric in nature and must contain nonvolatile 
vl along with nonvolatile sulfur compounds is assumed | sulfurated products. Apparently ZnDMDC also 
n, to be present in the residues of the samples listed in | promotes the reaction of hydrogen sulfide with 
he table 4. Shepard, Henne, and Midgley [54] have | butadiene. 
he prepared thiophene and its homologs in 6-50 percent | | The presence of the peroxide leads to the forma- 
= vield by reacting 1,3 diolefins with sulfur at about | tion of di-tert-butyl sulfide and tert-butyl alcohol prob- 
of 350 °C. Byproducts of the reaction at this temper- | ably as a result of decomposition of the di-tert-buty] 
ne ature were hydrogen sulfide, carbon disulfide, and | peroxide. The unsaturated hydrocarbon CsHi,4 is 
1 nonvolatile materials. Béttcher and Liittringhaus | also formed as well as mixed butenes, normal butane, 
[55] have prepared a trithione C;H,S; in 5 percent | and methane, presumably involving fragmentation 
ce yield from isoprene and sulfur. and hydrogen migration. Nearly all the butadiene 
n and hydrogen sulfide appear to have produced 
an 4.4, Butadiene, Hydrogen Sulfide, and Accelerators | * nonvolatile residue that must necessarily contain a 
an | considerable proportion of sulfurated material. Di- 
The results obtained when butadiene is reacted | tert-butyl peroxide, like ZnDMDC strongly promotes 
e ieee aa : “ae - | the reaction of the diolefin and hydrogen sulfide, 
with hydrogen sulfide alone and in the presence of | 20 hat ZaADMDC acts . sa “sa 
ZUDMDC and di-tert-butyl peroxide are given in | Sagprees ie an ‘a acts to produce a Ire 
Solin 5. | radical chain mechanism. ' : ; 
J | Another sample not reported in table 5 contained 
C both sulfur and ZnDMDC as accelerators of the 
TaBLe 5, Reaction of butadiene, hydrogen sulfide, and reaction between butadiene and hydrogen sulfide. 
accelerators * | In computing the spectrum it was possible to take 
| out about a dozen sulfurated products in addition to 
yl Yield» in presence of accelerators | the usual carbon disulfide. These included a variety 
Products of sulfides (mono, di, and tri), a mereaptan from 
Noaccelers|ZnDMDC | parcaidee. | fragments of the original butadiene, thiophenes, and 
* ator 0.033 g 0.002 g substituted thiophenes. The products seem to have 
resulted from ring closure, fragmentation of the 
g) Di-tert-butyl sulfide 7 | original butadiene, rearrangement, and hydrogen 
oh loo AE gag am | migration. In this case, considerable hydrogen 
Carbon disulfide 0. 66 sulfide seemed to have been formed. Schneider, 
———— sei | Bock, and Hiusser [56] have also obtained thiophenes 
ie “3 0.02 | by reacting butadiene with hydrogen sulfide at 
n-Butane “064 temperatures between 420 and 600 °C using pyrites 
a. minal Be as a catalyst. 
Butadien 3.9 10.084 | 4,21 | S. Discussion 
Hydrogen sulfide remaining. _mok 54.3 . 62 | 
g a niscar aia iv Extensive detailed study of the individual re- 
7 actions, especially of the nonvolatile portions of the 
a 1e Materials were heated in sealed tubes at 130 °C for 4 days A bout 0.022 ° ‘ 
of butadiene, and 0.007 g hydrogen sulfide was used in each experiment. reaction products, will of course be necessary before 
+ Vierq_Bumber of moles of gascous product or residual butadieneX100 any definite overall mechanism may be deduced, but 
t initial number of moles of butadiene the present study suggests certain conclusions of a 
f ¢ The room temperature fraction of this tube contained a large portion of un- | general nature. The application of these conclusions 
; identified material to typical vulcanization reactions may be limited 


_ 4 Assumed on logical grounds to be 1,3-butadiene; mass spectrometer analysis 
indicates possibility of its being 1,2-butadiene 


not only by the small size of the model compounds 
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but also by the fact that, in order to allow ample 
opportunity for reaction to occur in the systems 
studied here, large proportions of sulfur and 
ZnDMDC were used, and the reactions were carried 
out for four days at vulcanization temperatures. 
Furthermore, it is not known to what extent con- 
jugated double bonds are produced before they 
react as intermediates. 

The compounds found, including those produced 
through fragmentation and rearrangement indicate 
the formation of at least mono and disulfides and 
carbon-to-carbon bonds which may be sources of 
cross links in vuleanized rubber. Small amounts of 
thiophenes appear to result from the conjugated 
systems acting as intermediates as well as a certain 
amount of polymerization. Hydrogen sulfide is 
probably formed during vulcanization, and _ its 
formation in the reaction between sulfur and the 
olefin or conjugated system is probably promoted 
by the vulcanization accelerator ZnDMDC._ Both 
ZnNDMDC and sulfur promote the reaction of 
hydrogen sulfide with the olefin. The effect of 
ZnDMDC on the reaction of the conjugated system 
with sulfur and with hydrogen sulfide may account 
for the reduced amount of conjugation in vulcanizates 
accelerated with ZnDMDC [3]. 

The observed effect of free radical accelerators on 
the formation of diisopropyl sulfide in the reaction 
of propylene and sulfur and propylene, sulfur, and 
ZnDMDC as well as the normal mode of addition 
found in the reaction of propylene with hydrogen 
sulfide in the presence of sulfur or ZnDMDC indicate 
that something other than a free radical chain mecha- 
nism is involved in these reactions. There is very 
little evidence that free radicals initiate the formation 
of the nonvolatile residue in the reaction of propylene 
with sulfur and ZnDMDC, suggesting that this 
phase of the reaction also involves something other 
than a free radical chain mechanism. However, a 
free radical mechanism not involving a chain reaction 
cannot be ruled out in these cases. 

In phases of the reactions in which compounds 
have been formed through fragmentation and rear- 
rangement, the presence of free radicals as inter- 
mediates is at least suggested. The reaction of 
butadiene with hydrogen sulfide in the presence of 
ZnDMDC to form a nonvolatile residue may be a 
chain reaction involving free radicals. Linnig and 
Florin [57] have observed electron spin resonance 
absorption in rubber-sulfur vulcanizates and in 
rubber heated alone in air under vulcanizing condi- 
tions, indicating the presence of free radicals. 





The authors are indebted to Edith I. Quinn and 
Florence R. McCann, formerly of the Bureau, and 
to Sharon G. Lias for their invaluable efforts in 
making the mass spectrometer analyses. 
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Selected Abstracts 


Magnetic polarizability of a short right circular conducting 
cylinder, T. T Taylor, J. Research NBS GAB, No. 4, 199 
(1960). 

The magnetic polarizability tensor of a short right circular 
conducting cylinder is calculated in the principal axes sys- 
tem with a uniform quasi-static but nonpenetrating applied 
field. One of the two distinct tensor components is de- 
rived from results already obtained [1] in connection with the 
electrical polarizability of short conducting cylinders. The 
other is calculated to an accuracy of four to five significant 
figures for cylinders with radius to half-length ratio of 44, !s, 
1, 2, and 4. These results, when combined with the cor- 
responding results for the electric polarizability, are appli- 
cable to the problem of calculating scattering from = cyl- 
inders and to the design of artificial dispersive media. 


Accuracy of Monte Carlo methods in computing finite Markov 


chains, N. W. Bazley and P. J. Davis, J. Research NRS 64B, 
No. 4, 211 (1960). 

Experiments are made with the Markov chain presented by 
the children’s game of Chutes and Ladders. Statisties, such 
as the average length of play, are computed on the IBM 
704 from 2" simulated plays of the game. These Monte 


Carlo results are 
obtained by powering the 
Convergence is shown to obey tt 


then compared with the “exact solution” 
mea of transition ee 
» familiar “N law. 


Error bounds in the Rayleigh-Ritz approximation of eigen- 
vectors, H. F. Weinberger, J. Research NBS 64B, No. 4, 
217 (1960). 


The difference between any eigenvector u, of a linear oper- 
ator A and its Rayleigh-Ritz approximation w, is bounded 
in terms of the differences between the eigenvalues A; of A 
and their Rayleigh-Ritz upper bounds «;. The bound for 


the difference between u, and w, approaches zero with kp 


“hi, 


Numerical solution of the freque ney = for the flexural 
vibration of cylindrical rods, W. Tefft, J. Research NBS 
64B, No. 4, 237 (1960). 


A numerical solution of Pickett’s frequency equations for the 
flexural vibration of cylindrical rods, based on the three- 
dimensional differential equations of elasticity, has been 
obtained on the IBM 704 computer. The results are pre- 
sented in the form of tables of correction factors to be applied 
to the thin rod approximation for the fundamental flexural 


resonance frequency and the first two overtones. These 
results provide an accurate means of calculating Young’s 
modulus from the density, dimensions, and resonance fre- 


quencies of evlindrical rods having diameter-to-length ratios 


as high as 0.6. 


Incoherent Scattering by Free Electrons as a Technique for 
Studying the Ionosphere and Exosphere: Some Observations 
and Theoretical Considerations, K. L. Bowles, J. Research 
NBS 65D, No. 1, 1 (1961). 


Incoherent scattering by the free electrons of the ionosphere 
has been suggested as a technique for measuring the electron 
density profile both below and above the F region maximum. 
This paper reports observations which confirm the existence 
of the incoherent scatter and show that its intensity 
sentially the predicted value. The observed Doppler broaden- 
ing is considerably smaller than predicted. In the second 
part of the paper, an explanation for the reduced Doppler 
broadening is offered. The seatter is explained as arising 
from statistical fluetuations of electron density, the distri- 
bution of which is controlled by the positive 


is es- 


ions. 


| On the Theory of Diffraction by a Composite Cylinder, R. D 


| Kodis, J. Research NBS 65D, No. 1, 19 (1961). 
| Formulas are developed for the diffracted field around a 
perfectly conducting cylinder with a dielectric sleeve of 


arbitrary thickness. These formulas represent the field due 
to a unit electric line source parallel to the cylinder (either 
inside or outside the dielectric sleeve) as a spectrum of radial 
| eigenfunctions. It is shown that in each case the field in the 
region containing the source can be expressed as the sum of 
two terms, the first of which is a spectral representation of 
the field when the outer as well as the inner surface of the 
dielectric is a perfectly conducting boundary. The second 
term of the sum, which alone involves the properties of the 
dielectric, is an integral that converges rapidly at high fre- 
quencies. Using these general results, perturbation calcula- 
tions are carried out for three limiting examples of plane 
wave scattering: (1) thin dielectric; (2) low refractive index; 
(3) very small surface curvature. In the latter approximation 
the correspondence with optical results is shown. 


A New Approach to the Mode Theory of VLF Propagation, 
J. R. Wait, J. Research NBS 65D, No. 1 37 (1961). 

An attempt is made in this paper to present a concise deriva- 
tion of the mode theory of VLF propagation. Taking note 
of the fact that the important modes for long distance propa- 
gation are near grazing, suitable approximate forms of the 
wave-functions are introduced at the outset, rather than at 
the end, of the analysis. It is thus possible to account for 
the influence of earth curvature in a relatively concise manner. 
The influence of the earth’s magnetie field is also discussed 
Finally, numerical results for the attenuation and the phase 
velocity of the dominant mode are presented. 


Bounds on the dissipation of energy in steady flow of a viscous 
incompressible fluid around a body rotating within a finite 
| region, Ek. A. Kearsley, Arch. Rational Mech. and Analysis 
5, No. 4, 347-354 (1960). 
In this paper, bounding techniques are applied to the problem 
of steady flows of incompressible Navier-Stokes fluids. In 
particular the torque on a surface of revolution rotating about 
its axis of symmetry in a finite fixed container of fluid is 
considered. A Reynolds’ number is defined in terms of 
which the error of the Stokes slow-flow value of torque is 
rigorously bounded. 


Sealed-off Hg'* atomic-beam light, source, R. L. Barger 
and K. G. Kessler, J. Opt. Soc. Am. 50, No. 7, 651-656 (July 
1960). 

A sealed-off atomic beam light source which utilizes the single 
Hg! is described. The emitted 2537 A line was in- 


isotope 
interferometrically with Fabry-Perot interferom- 


vestigated 


eters. Interferograms are shown for retardations of 0.4, 1.53 
and 2.04 meter with order numbers 1.6, 6.0 and 8.1 million, 
respectively. For each retardation, the theoretical contour 
of the observed fringes is shown. Theoretically predicted 


fringe contours are shown for retardations up to 6 meter, the 
approximate limit of interference. It is concluded from the 
interferograms that the Hg! 2537 A line has a half-width 
of 0.0016 cm=!, as compared to 0.012 em! for the Kr® 6056 
A line proposed as the new primary standard of length. Due 
to this small half-width and the extremely low level of pertur- 
bation in the atomie beam, this Hg! line would be suitable 
for the primary standard of length. 


Low-energy photoproduction of neutral ey? from complex 

nuclei, R. A. Schrack, S. Penner, and J. E. Leiss, JJ Nuovo 

Cimento 16, Serie X, 759-761 (March 1 Ado 

Angular distribution measurements have been made of neutral 
| pion photoproduction from C, Al, Cu, Cd, and Pb using 170 
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Mev bremsstrahlung. The pion decay photons were de- 
tected in coincidence. The observed angular distributions 
show a diffraction pattern whose first fall-off agrees well with 
Born approximation predicvions based on coherent production 
from nuclear matter distributions having the same half density 
radius as that of the charge distributions determined by 
electron scattering. The second maxima of the diffraction 
patterns differ from the Born approximation predictions, the 
lower A nuclei having the second maxima increasingly en- 
hanced. Analysis of the data has not been completed but 
the ratio of the observed counting rate to a Born approxima- 
tion prediction goes as A'-® where a simple coherent produc- 
tion model yields a ratio of A?. 


Electric current and fluid spin created by the passage of 
magnetosonic wave, R. P. Kanawal and C. Truesdell, Arch. 
Rational Mech. and Analysis, 5, No. 5, 432-439 (1960). 

A general exact theory of weak discontinuities in ionized gases 
is constructed. Emphasis is put upon the connection be- 
tween the electric current and fluid vorticity carried by the 
wave. 


Optical constants of aluminum, H. Mendlowitz, Proc. Phys. 
Soc. (London, England) LX XV, 664-670 (1960). 

The optical constants of aluminum from the near ultra-violet 
(2500 A) to the near infra-red (5 uw) can be described, at least 
qualitatively, in terms of the Drude formula by the two 
parameters N and 7, the density of free electrons and the 
relaxation time, respectively. The value for N is taken to 
correspond to 2-4 free electrons per atom and the value for + 
is taken to be 1-2 10-% second. 


transmissivity and characteristic energy losses, 


Optical 
739-740 (July 


H. Mendlowitz, J. Opt. Soc. Am. 50, No. 7, 
1960). 

The energy for the onset of transmission of electromagnetic 
radiation through thin metallic films and the characteristic 
energy losses of electrons are discussed in terms of the fre- 
quency dependence of the complex dielectric constant. The 
threshold energy for electromagnetic transmission corresponds 
to that energy for which the real part of epsilon changes from 
negative to positive, while the prominent characteristic elec- 
tron absorption peaks should be associated with energies for 
which the real part of epsilon has just become positive and is 
still small and the imaginary part of epsilon is very small. 
Therefore, the threshold energy for optical transmission 
should be lower than the energy at which the electron ab- 
sorption occurs. 


Optical methods for negative ion studies, S. J. Smith and 
L. M. Branscomb, Rev. Sci. Instr. 31, No. 7, 733-747 (July 
1960). 

A high-vacuum crossed-beam apparatus for the study of 
photodetachment of electrons from negative ions is described, 
with emphasis on (1) the optical system which transmits a 
filtered high-intensity photon beam, (2) a high transmission 
mass selector and associated ion optics, and (3) the sensitive 
a.c. preamplifier, amplifier, and phase sensitive detector used 
for measuring the photodetached electron current. The 
methods used for calibrating and operating the apparatus are 
discussed. 


Nickel oxide thin film resistors for low pressure shock wave 
detection, K. E. McCullon, Rev. Sci. Instr. 31, No. 7, 780- 
781 (July 1960). 

Shock wave detectors of the resistance-thermometer type, 
employing thin films of nickel oxide, have been developed 
and used for shock speed determination in a low-pressure 
shock tube. In constant-current operation, sensitivity (re- 
ferred to wall temperature changes) exceeding 30 mv per deg. 
C is realized, with a response time less than 1 yu sec. 


Casimir coefficients and minimum entropy production, 
R. E. Nettleton, J. Chem. Phys. 38, No. 1, 237-241 (July 
1960). 

The rate equations obeyed by scalar relaxation parameters 
in a fluid are extended to include inertial terms in the form of 
second-order time derivatives, and the relations containing 








these terms are then written formally as first-order equations 
by treating first-order time derivatives as additional param- 
eters. The resulting equations are interpreted thermody- 
namically as phenomenological relations containing anti- 
symmetric Casimir coefficients, and this interpretation leads, 
with application of the Onsager-Casimir reciprocity theorem, 
to an additional set of phenomenological equations which 
reduces to those used in an earlier relaxation theory when 
inertial effects are neglected. In this way, earlier formulae 
for the bulk viscosity and high-frequency bulk modulus are 
recovered unchanged. It is also shown why Prigogine’s 
minimum entropy production theorem should no longer hold 
when one considers inertial effects. 


Variations of surface tension calculated with improved ap- 
proximation for activity coefficient, L. C. Shepley and A. B. 
Bestul, J. Am. Ceram. Soc. 48, No. 7, 386-387 (July 1960). 
The relation in electrolytic solution between the variation of 
surface tension, y, with body concentration, c, and the varia- 
tion, o, of y with surface concentration, ¢,, has previously 
been examined using the crude approximation that the 
activity coefficient g of the solute is a linear function of con- 
centration. This note examines the above relation using a 
more nearly adequate approximation for g, which is suggested 
directly by the Debye-Hiickel Limiting Law for the activity 
coefficient of electrolytes in solution. The results confirm 
the previous conclusions that the derivative a?y/dedc must 
have negative values for certain conditions of large o and 
small ce, 

The extent of Hu Regions, S. R. Pottasch, Astrophys. J/. 
132, No. 1, 269-271 (July 1960). 

For an atmosphere whose electron density is less than 105 
em-3, and which is thin in all Balmer and higher radiation 
fields (conditions which may be fulfilled in planetary and 
diffuse nebulae) it is shown that the extent of the ionized 
region can be found using the formula given by Strémgren 
(1939) multiplied by a correction factor which depends only 
on the temperature of the exciting star. This factor is given 
in this note. 


Some aspects of fluorine flame spectroscopy, DD. E. Mann. 
Proc. Propellant Thermodynamics and Handling Conf. Special 
Rept. 12, (Ohio State University, Columbus, Ohio, June 1960). 
Recent studies in the spectroscopy of flames supported by 
fluorine or chlorine trifluoride are reviewed, and a description 
of the experimental procedures currently in use is given. 
Certain problems and recent results of special interest are 
discussed. These include considerations bearing on the 
occurrence of CF in hydrocarbon-fluorine flames and the 
presence of a singlet system of NH in the emission spectrum of 
the ammonia-fluorine flame. The recently completed investi- 
gation of the hydrogen-fluorine flame with high dispersion is 
described. Some of the spectroscopic constants of HF 
established by these measurements are presented for the 
first time. 


Current thermodynamic research on light-element compounds 
at the National Bureau of Standards, T. hk. Douglas. Proc. 
Propellant Thermodynamics and Handling Conf. Special 
Rept. 12, (Ohio State University, Columbus, Ohio, June 1960). 
As part of a broader program on properties of materials at 
high temperatures now required in many technical and 
scientific fields, an experimental and theoretical investigation 
of the thermodynamic properties of light-elemez:t compounds 
is now underway at the National Bureau of Standards. This 
research program presently comprises the elemencs lithium, 
beryllium, magnesium, and aluminum, free and in chemical 
combination with one or more of the elements hydrogen, 
nitrogen, oxygen, fluorine, and chlorine. It has as its ob- 
jective the securing of the basic data which are necessary to 
determine, with an accuracy of one percent where possible, 
the energies and equilibrium proportions of these substances 
in the solid, liquid and gaseous states in the temperature 
range from 0° to 6000°K and the pressure range from 0 to 100 
atmospheres. Nine research groups are involved. Their 
individual activities and plans for future work are outlined in 
some detail. These groups may be described by the titles 
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(1) fluorine calorimetry, (2) thermochemistry, (3) low- 
temperature calorimetry, (4) high-temperature calorimetry 
and halide equilibria, (5) statistical thermodynamics and 
computer codes, (6) high-temperature high-pressure transient 
phenomena, (7) molecular structure from spectra, (8) thermo- 
dynamics of refractory substances, and (9) chemical prepara- 
tion and properties of hydrides. 


Structure of Sulfurous Esters, H. Finegold, Proc. Chem. Soc. 
(London) 283-284 (August 1960). 

Anomalies in the proton magneti¢ resonance spectra of sul- 
furous acid esters are discussed. These features suggest a 
fundamental skewness in the nature of the bonding orbitals 
emanating from the central chaleogen atom. The implica- 
tions of such a theory are mentioned. 


Temperature dependence of Young’s modulus of vitreous 
germania and silica, 8. Spinner and G. W. Cleek, J. Appl. 
Phys. 31, No. 8, 1407-1410 (1960). 

The temperature dependence of Young’s Modulus of vitreous 
GeO, has been determined by a dynamic resonance method 
from 195 °C to 540 °C. The modulus increases with 


increasing temperature from about 120 °C to 400 °C. 
Below and above this range the modulus decreases with 
increasing temperature. Young’s modulus for vitreous SiO, 
also increases from about 190 °C to 1,175 °C and decreases 


with increasing temperature outside this range. 


In view of the similarity in structures and bond energies of 
these two materials, the similarity in the elastic modulus- 
temperature relations is believed to be significant; especially 
when contrasted with the lack of agreement in another 
commonly measured anharmonic property, thermal expansion. 


Photolysis of ammonia in a solid matrix at low temperatures 
O. Schnepp and K. Dressler, J. Chem. Phys. 32, No. 6, 1682 
1686 (June 1960). 

Solid deposits of argon containing 0.3 mole percent ammonia 
were irradiated at 4.2 °K with light of wavelengths shorter 
than 2000A. The emission of a hydrogen discharge with a 
LIF window and of a thin-walled quartz mercury are were 
used. The production of the unstable species NH and NH, 
was observed by means of electronic absorption spectroscopy. 
Experiments using filters led to the conclusion that NH is 
produced by irradiation with light of wavelengths shorter 
than 1550A. NH, is produced by radiation above 1700A and 
below 1550A with comparable quantum efficiency. Warm-up 
experiments show that NH) disappears close to 20 °K whereas 
NH is stable up to at least 30 °K. Photolysis at 20 °K is 
approximately five times less efficient than at 4.2 °K. On 
certain assumptions a molar absorption coefficient of 40,800 
is estimated for both NH and NHp, and the f-values of the 
observed transitions of these molecules are estimated to be of 
the order of 107%. 


Isotope effect in the hydrogen atom-formaldehyde reaction, 
J. R. MeNesby, M. D. Scheer, and R. Klein, J. Chem. Phys. 
32, No. 6, 1814-1817 (June 1960). 

The isotope effect in the hydrogen abstraction from formalde- 
hyde by hydrogen atoms has been measured. The activation 
energy difference derived from relative rate measurements of 
the pair of reactions 


H+ H,CO—H,.+ HCO (2) 


H+D,CO>-HD+ DCO (5) 


1.0 keal. The value for the corresponding patr, 


D+ H,CO—-HD+ HCO (6) 


D+ D,CO—D,+ DCO (7) 


E; — Ey=0.9 keal., is calculated from (5), (2) and the variation 
of the hydrogen-deuterium equilibrium constant with tem- 
perature. Application of the Biegeleisen theory of the isotope 
effect to these reactions suggests a loosely bound activated 
complex. 
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Absorption spectra of solid xenon, krypton, and argon in the 
vacuum ultraviolet, O. Schnepp and K. Dressler, J. Chem. 
Phys. 38, No. 1, 49-55 (July 1960). 

The absorption spectra of solid xenon, krypton and argon at 
4.2 °K have been investigated between 3500A and 1200A. 
In the region between 1510A and 1200A solid xenon has four 
absorption bands, three of which lie within less than 800 em=! 
of atomic transitions, all being shifted to lower energy in the 
solid. Solid krypton has two bands between 1250A and 
1200A which lie within 900 em~! of atomic transitions but are 
shifted to higher energy in the solid. No absorption was 
found in solid argon at wavelengths longer than 1200A. The 
experimental results are interpreted and discussed on the 
basis of valence type interactomic interactions in the excited 
states. It is predicted that the fluorescence spectra of these 
solids would be displaced to lower energy by about 1 e.v. 


Absorption spectra of solid methane, ammonia, and ice in 
the vacuum ultraviolet, K. Dressler and O. Schnepp, J. Chem. 
Phys. 33, No. 1, 270274 (July 1960). 

The spectra of solid methane, ammonia and ice were investi- 
gated in the vacuum ultraviolet region. The spectrum of 
solid methane is very similar to that of the gas but the spectra 
of solid ammonia and ice are shifted to shorter wavelengths 
relative to the corresponding vapor spectra by 7500 em! 
and 7000 cm~! respectively. The effect of hydrogen bond- 
ing in the ground state of solid ammonia and ice is discussed 
and it is suggested that the lowest excited states are raised in 
energy relative to the gas phase levels due to repulsive inter- 
molecular interactions. 


Free radicals in gamma-irradiated polystyrenes, R. E. 
Florin, L. A. Wall, and D. W. Brown, Trans. Faraday Soc. 
56, No. 453, 1304-1310 (Sept. 1960). 

Klectron spin resonance spectra were observed for y-irradi- 
ated polystyrene and for a series of substituted polystyrenes 


a-d}, B-d), p-d,, B, B-do, a, B, B-ds, m-CHs, a-CHs,, 
2,5-Cl,, and a, 8, B-F;. The spectra of all the d-substituted 
styrenes irradiated at 77° K were alike, consisting of 


three peaks with a separation of 37 gauss between center and 
end derivative peaks. The result is consistent with a radical 
structure formed by removal of a hydrogen but the major 
hyperfine interaction is with ortho ring hydrogens. The 
same structure seems to apply for poly(m-methylstyvrene) 
and poly(a, 8, 6-trifluorostyrene), but in poly(2,5-dichloro- 
styrene) all hyperfine interactions are much lower. The 
radical from poly(a-methylstyrene) is formed by main chain 
scission and shows evidence for relatively free rotation of the 
a-methyl group. 


Halobenzenes as sensitizers for the radiation-induced 
polymerization of styrene, D. W. Brown and L. A. Wall, 
J. Polymer Sci. 44, 325-340 (June 1960). 

Halogenated benzenes, carbon tetrachloride, and other com- 
pounds have been used to sensitize the gamma-ray-induced 
polymerization of styrene. Benzene and fluorobenzenes are 
about equally effective while the data from solutions of 
mono- and di-halogenated benzenes indicate that the order of 
increasing sensitivity to radiation is: Fluorobenzenes< chlo- 
robenzenes< bromobenzenes< iodobenzenes. One halogen is 
less effective than two, and the ortho isomers are more 
effective than the meta and para. The relations between the 
G-values for radical production in the solutions and the elec- 
tron fractions of solvent are linear only for benzene and the 
monohalogenated aromatics. With very highly halogenated 
benzenes and carbon tetrachloride the departure from linear- 
itv is very marked. Significant sensitization is observed at 
very low electron fractions with the highly halogenated ma- 
terials, except with hexafluorobenzene, which appears to be 
very stable to radiation. The generalizations concerning 
the effects of the kind and number of substituents in mono- 
and di-halogenated benzenes are not valid for more highly 
halogenated benzenes. Much of the curvature observed at 
high concentrations of carbon tetrachloride is apparently 
due to changes in the rate constants as the monomer concen- 
tration is changed. At low concentrations this is not the 
case with carbon tetrachloride and presumably also with the 
other highly halogenated materials. Various reaction mech- 








anisms are considered and one is advanced that reproduces 
many of the important features of the observed data. 
Pyrolysis of polyolefins, L. A. Wall and 8. Straus, J. Polymer 
Sci. 44, 313-323 (June 1960). 

The differences in thermal decomposition behavior previously 
observed between linear and branched polyethylenes have 
been explored experimentally by investigating and comparing 
the rates of volatilization of a series of twenty polymers. 
Similar differences were observed between linear and branched 
polypropylenes. The linear material in both cases exhibited 
behavior characteristic of a random decomposition, while 
the branched material did not. Other materials studied in- 
cluded high-pressure polyethylene; low pressure copolymers of 
ethylene with propene, butene, and penten-1; and polymers 
and copolymers prepared from diazoalkanes. Systematic 
deviations from random theory were found to occur with 
branching. The greater the brane hing, provided that the 
branches were longer than one carbon atom, the greater was 
the rate of decomposition and the more it was at variance 
with random therory. No quantitative theory accounting 
for these results is yet available. However, it seems that 
polymer branching enhances intramolecular transfer at the 
expense of intermolecular transfer. This is evidenced by the 
observed type of their rate-versus-conversion curves, which 
are similar to those found for polymers that mainly decompose 
into monomer. 


Other NBS Publications 


Journal of Research, Section 64B, No. 4, October-December 

1960. 75 cents. 

Magnetic polarizability of a short right circular conducting 
cylinder, T. T. Taylor. (See above abstract.) 

Accuracy of Monte Carlo methods in computing finite Markov 
chains, N. W. Bazley and P. J. Davis. (See above ab- 
stract.) Error bounds in the Rayleigh-Ritz approximation 
of eigenvectors, H. F. Weinberger. (See above abstract.) 

Sequence transformations based on Tchebycheff approxima- 
tions, J. R. Rice. 

Numerical solution of the frequency equations for the flexural 
vibrations of cylindrical rods, W. E. Tefft. (See above 
abstract.) 


Journal of Research, Section 65D, No. 1, January-February 

1961. 70 cents. 

Incoherent scattering by free electrons as a technique for 
studying the ionosphere and exosphere: some observations 
and theoretical considerations, K. L. Bowles. (See above 
abstract.) 


Radio wave absorption of several gases in the 100 to 117 


kMe/s frequency range, C. O. Britt, C. W. Tolbert, and 
A. W. Straiton. 

On the theory of diffraction by a composite cylinder, R. D. 
Kodis. (See above abstract.) 

An atlas of oblique-incidence ionograms (a digest), V. Agy, 


K. Davies, and R. Salaman. 

A new approach to the mode theory of VLF propagation, 
J. R. Wait. (See above abstract.) 

East-west effect on VLF mode transmission across the earth’s 
magnetic field, D. Dobrott and A. Ishimaru. 

Magneto-ionic propagation phenomena in low- and very-low- 
radiofrequency waves reflected by the ionosphere, J. R. 
Johler. 

Correlation of monthly median transmission loss and refrac- 
tive index profile characteristics, B. R. Bean and B. A. 
Cahoon. 

Characteristics of waveguides for long-distance transmission, 
A. E. Karbowiak and L. Solymar. 

Useful radiation from an underground antenna, H. A. Wheeler. 

Observation of F-layer and sporadic-E scatter at VHF in the 
Far East, K. Miya, T. Sasaki, and M. Ishikawa. 


A high- resolution Yapid-sean antenna, H. V. Cottony and 
A. C. Wilson. 
Alphabetical index to tables of chemical kinetics. Homo- 


geneous reactions, Supplement 2 to NBS Circ. 510 (1960) 
35 cents. 

The metric system of measurement, 
(1960), 50 cents. 


NBS Mise. Publ. 232 


90 





Standard X-ray diffraction powder patterns, H. E. Swanson, 
M. I. Cook, E. H. Evans, and J. H. deGroot. NBS Cire. 
539, Vol. 10 (1960) 40 cents. 

Stabilization of free radicals at low temperatures, edited by 

M. Bass and H. P. Broida. NBS Mono. 12 (1960) $1.50. 

Pestection against radiations from sealed gamma sources. NBS 
Handb. 73 (1960) (Supersedes H54) 30 cents. 

Standardisation activities in the United States. 
tive directory, 8S. F. Booth. NBS Misc. Publ. 
(Supersedes M169) $1.75. 

Hydraulic Research in the United States, 1960, H. 
ton. NBS Misc. Publ. 231 (1960) $1.00. 

Investigation of bearing cree eep of two forged aluminum alloys, 
L. Mordfin, N. Halsey, P. J. Granum. NBS TN55 
(PB161556) (1960) $1.00. 

A survey and bibliography of recent research in the propaga- 
tion of VLF radio waves, J. R. Wait. NBS TN58 
(PB161559) (1960) 75 cents. 

Amplitude and phase of the low- and very low-radiofrequeney 
ground wave, J. R. Johler, L. C. Walters, and C. M. 
Lilley. NBS TN60 (PB161561) (1960) 75 cents. 

Rapid determination of the order of chemical reactions from 
time-ratio tables, J. H. Flynn. NBS TN62 (PB161563) 
(1960) 75 cents. 


A descrip- 
230 (1960) 


Kx. Middle- 


Single scattered neutrons from an isotropic point source, 
E. R. Mosburg, Jr., and W. M. Murphey. NBS TN63 
(PB161564) (1960) 50 cents. 

Radio Refractometry, J. W. Herbstreit. NBS TN66 


(PB161567) (1960) 50 cents. Low- and very low-radio- 
frequency model ionosphere reflection coefficients, J. R. 
Johler, L. C. Walters, J. D. Harper, Jr., NBS TN69 
(PB161570) (1960) $2.00. 

Clay mineral content of two domestic 


kaolins, W. C. Ormsby 


and J. M. Shartsis, J. Am. Ceram. Soc. 43, No. 6, 335 
(June 1960). 

Some Canons of sound experimentation, C. Eisenhart, Bull. 
Inst. Intern. Stat. XXXVI, No. 3, 339-350 (1960). 
Thermodynamic properties of helium at low temperatures 
and high pressures, D. B. Mann and R. B. Stewart, Trans. 
Am. Soe. Mech. Engrs. J. Heat Transfer 81, No. 4, 324- 

326 (Nov. 1959). 


thermometers, 20° to 


Instr. 31, No. 6, 


Interpolation of platinum resistance 
to 273.15 °K, R. J. Corruccini, Rev. Sci. 
637-640 (June 1960). 


Radiation from a slot on a large corrugated cylinder, J. R. 


Wait and A. M. Conda, Electromagnetic Wave Propaga- 
tion, Proc. Intern. Conf. Propagation of Radio Waves, 
Liege, Belgium, 1958, p. 103 (Academic Press, Ine., New 
York, N.Y., 1960). 


transport properties of commercial metals 
and alloys. IV. Reactor grade Be, Mo, and W, R. L. 
Powell, J. L. Harding, and E. F. Gibson, J. Appl. Phys. 
31, No. 7, 1221-1224 (July 1960). 

A rating scale method for evaluating research positions, H. 
A. McKean, J. Mandel, and M. N. Steel, Personnel Admin. 
23, No. 4, 29-36 (July—Aug. 1960). 


Low-temperature 


Post ag mechanization, B. M. Levin, M. Stark, and 
P. C. Tosini, Proc. Information Processing and Retrieval, 
Am. Inst. Elec. Engrs. General Meeting, June 19-24, 
1960, Atlantic City, N.J., Am. Inst. Elec. Engrs. Paper 
CP60-937 (1960). 

Sensitive thermal conductivity gas analyzer, J. R. Purcell 


and R. N. Keeler, Rev. Sci. Instr. 31, No. 3, 304-306 


(March 1960). 
A study of two water resistance testers for shoe upper leather, 


R. L. Hebert, J. Am. Leather Chemists Assoc. LV, No. 7, 
388-405 (July 1960). 
Atomic clocks for space experiments, P. L. Bender, Astro- 


1960). 

equatorial F, region from the 
Norton, and G. H. 
7, 2003-2009 


nautics p. 69-71 (July 

Photochemical 
1958 eclipse, T. E. 
Stonehocker, J. Geophys. 
(July, 1960). 

Influence of source distances on the 
istics of ELF radio waves, J. R. Wait, 
7, 1338 (July 1960). 

Electroless plated contacts to silicon carbide, R. L. 
Rev. Sci. Instr. 31, No. 7, 781-782 (July 1960). 


rates in the 
Van Zandt, R. B. 
Research 65, No. 


impedance character- 


Proc. IRE 48, No. 


Raybold. 





Stati 
R« 


Cour 
an 
As 

The 
Ke 
(J 

On t 
fo 
19 

Stat. 





6 


O- 


LO 





Statistical models for component aging experiments, J. R. 
Rosenblatt. Intern. Conv. Record. Inst. Radio Engrs. 
8, Pt. 6, 115-124 (1960). 

The nature of the inorganic phase in calcified tissues, A. S. 
Posner. Calcification in Biological Systems, p. 373-394 
(American Assoc. Advancement of Sci., Washington, D.C., 
1960). 

Effect of water-reducing admixtures and set-retarding ad- 
mixtures on properties of concrete, Introduction and 
Summary, B. E. Foster. Am. Soc. Testing Materials Spec. 
Tech. Publ. 266, Introduction 1 & 2 and Summary 240- 
246 (June 1960). 

Council adopts F.D.I. specification for alloy 
amalgam, Council on Dental Research, J. 
Assoc. 60, No. 6, 773 (June 1960). 

The foundations of mechanics and thermodynamics, E. A. 
Kearsley and M. 8. Green, Phys. Today 13, No. 7, 22-25 
(July 1960). 

On the theory of the slow-tail portion of atmospheric wave- 


dental 
Dental 


for 


Am. 


forms, J. R. Wait, J. Geophys. Research 65, No. 7, 1939 
1946 (July 1960). 

Statistical aspects of the cement testing program, W. J. 
Youden. Am. Soc. Testing Materials Proc. 59, 1120 
1128 (1959). 

Transfer of liquid hydrogen through uninsulated lines, 


R. J. Richards, W. G. Steward, and R. B. Jacobs, Proc. 
1959 Cryogenic Engr. Conf., Vol. 5, Advances in Cryogenic 
Engineering, p. 103 (Plenum Press, New York, N.Y., 
1960). 

Low and medium frequency radio propagation, K. A. Norton, 
Electromagnetic Wave Propagation, Proc. Intern. Conf. 
Propagation of Radio waves, 75 


Liege, Belgium, 1958, p. 37! 
(Academie Press Ine., New York, N.Y., 1960). 





91 


Cavity resonator dielectric measurements of rod samples, 
H. E. Bussey, Conf. Electrical Insulation (Annual Report 
of 1959), Natl. Acad. Sci., Natl. Research Council Publ. 
756, 15-20 (1960). 

Analysis of fractionally replicated 2”3" designs, R. C. Bose 
and W. 8S. Connor, Bull. Inst. Intern Stat XXXVII, 
No. 3, 141-160 (1960). 

A barium fluoride film hygrometer element, F. 
A. Wexler, J. Geophys. Research 65, No. 
(July 1960). 

tadiation patterns of finite-size corner-reflector antennas, 
A. C. Wilson, H. V. Cottony, IRE Trans. Ant. Prop. 
AP-8, No. 2, 144-157 (Mar. 1960). 

VLF attenuation for east-west and west-east daytime prop- 
agation using atmospherics, W. L. Taylor, J. Geophys. 
Research 65, No. 7, 1933-1938 (July 1960). 

Mechanized conversion of colorimetric data to munsell 
renotations, W. Rheinboldt and J. P. Menard, J. Opt. 
Soc. Am. 50, No. 8, 802-807 (Aug. 1960). 

The use of geostationary satellites for the study of ionospheric 
electron content and ionospheric radio-wave propagation, 
O. K. Garriott and C. G. Little, J. Geophys. Research 65, 
No. 7, 2025-2027 (July 1960). 


E. Jones and 
7, 2087-2095 


Publications for which a price is indicated (except for NBS 
Technical Notes) are available only from the Superintendent 
of Documents, U.S. Government Printing Office, Washington 26, 
D.C. (foreign postage, one-fourth additional). Technical Notes 
are available only from the Office of Technical Services, U.S. 
Department of Commerce, Washington 25, D.C. (order by PB 
number). Reprints from outside journals and the NBS Journal 
of Research may often be obtained directly from the authors. 





Se eee 








5 a 


Seuteunneadaaneaee oe 











7” 


e«T’ 


phi gs Or y 
apt ard om 2035 RANDALL LAB. 


4 


YSICS LIBRAR 


rc tw 


ANN ARBOR MICH 


MICATGAN 


a 
: 


BA DEC 010220 . BA 


er?) 


ee 


ee 





Sat Lolnaaeae 





